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ABSTRACT
T h e  a p p lic a t io n  o f  ra d ia t io n  d e t e c to r  m a te r ia ls ,  c a p a b le  o f  o p e r a t in g  at r o o m  te m p era tu re , 
h as b e e n  s tu d ied . T h e  a d v a n ta g e  o f  such  m a te r ia ls  is  th a t th e y  d o  n o t  n e e d  to  b e  c o o le d  to  
re d u c e  th e r m a lly  g e n e ra te d  le a k a g e  cu rren ts . T h e r e fo r e ,  s y s te m s  u t i l is in g  th e s e  d e te c to rs  
ca n  b e  s m a lle r  an d  m o r e  p o r ta b le  th an  o n e s  c o n ta in in g  H p G e  an d  S i ( L i )  d e te c to rs  w h ic h  
n e e d  to  b e  c o o le d  u s in g  l iq u id  n it r o g e n  to  r e d u c e  le a k a g e  cu rren t.
T h r e e  m a te r ia ls ,  s i l ic o n ,  c a d m iu m  te l lu r id e  an d  m e rc u r ic  io d id e ,  h a v e  b e e n  in v e s t ig a te d .  
T h e  s i l ic o n  p h o t o d io d e  s h o w e d  v e r y  g o o d  e n e r g y  r e s o lu t io n  d o w n  to  p h o to n  e n e r g ie s  o f  
1 3 .4 k e V ,  b u t its  l o w  d e te c t io n  e f f i c i e n c y  re s tr ic ts  its  u se  to  e n e r g ie s  b e l o w  2 0 0 k e V  f o r  
d ir e c t  d e te c t io n .  C a d m iu m  te l lu r id e  p ro d u c e d  e n e r g y  s p e c tra  w ith  w o r s e  e n e r g y  r e s o lu t io n ,  
d u e  m a in ly  to  c h a rg e  c o l le c t io n ,  le a k a g e  c u rren t an d  fa b r ic a t io n .  B u t ,  c a d m iu m  te l lu r id e  
w a s  a b le  to  p ro d u c e  s p e c tra  u p  to  6 6 1 .6 k e V  w ith  r e a s o n a b le  e f f i c i e n c y  an d  r e s o lu t io n . 
M e r c u r ic  io d id e  p ro d u c e d  s p e c tra  w ith  e n e r g y  r e s o lu t io n  o n  a  p a r  w i t h  th e  s i l ic o n  
p h o t o d io d e  b u t w i t h  a  h ig h e r  d e te c t io n  e f f i c ie n c y .
M e r c u r ic  io d id e  c ry s ta ls  h a v e  b e e n  p ro d u c e d  at S u rr e y  u s in g  th e  p o ly m e r  a s s is ted  tra n sp o rt 
g r o w th  m e th o d . A  la r g e  c iy s t a l  w i t h  d im e n s io n s  e x c e e d in g  1 c m 3 h as  a ls o  b e e n  p ro d u c e d . 
D u e  to  p r o b le m s  w ith  a p p lic a t io n  o f  e le c t r ic a l c o n ta c ts  n o  u s e fu l s p e c t ra  w e r e  o b ta in e d  
w i t h  th e s e  d e v ic e s .  T h e  im p o r ta n c e  o f  th e  p o ly m e r  in  th e  s ta r t in g  m a te r ia l w a s  
in v e s t ig a te d .  T h e  a d d it io n  o f  p o ly e t h y le n e  w a s  fo u n d  to  f a v o u r  th e  g r o w th  o f  p la te le ts .
T h e  s iz e  o f  th e  p la te le ts  w a s  a ls o  fo u n d  to  in c r e a s e  w ith  in c r e a s in g  p r o p o r t io n  o f  p o ly m e r  
in  th e  s t a l l in g  m ix .
A  c o m p u te r  s im u la t io n  e n a b l in g  th e  p e r fo rm a n c e  o f  s e m i- c o n d u c to r  r a d ia t io n  d e te c to r  
m a te r ia ls  to  b e  p r e d ic te d  is  a ls o  p re s e n ted . T h e  m o d e l  f o l l o w s  p ro c e s s e s  f r o m  p h o to n  
in te ra c t io n s  in  th e  d e t e c to r  th ro u g h  to  c h a rg e  c o l le c t io n .  E n e r g y  s p e c t ra  m a y  b e  p ro d u c e d  
f r o m  th e  o u tp u t o f  th is  m o d e l  an d  e n e r g y  r e s o lu t io n  an d  d e t e c t io n  e f f i c i e n c y  m a y  b e  
a n a ly s e d  as a  fu n c t io n  o f  d e t e c to r  th ic k n e s s , a p p lie d  b ia s  an d  p h o to n  e n e r g y .  T h is  m o d e l  
c o u ld  b e  u s e d  to  o p t im is e  p e r fo rm a n c e  o f  r a d ia t io n  d e tec to rs .
This one's for me !
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C H A P T E R  1 T H E O R Y  O F S E M I C O N D U C T O R  R A D IA T IO N  D ETE CTO RS
1. In t r o d u c t io n
In  m a n y  a p p lic a t io n s  in  r a d ia t io n  d e te c t io n  i t  is  a d v a n ta g e o u s  to  u s e  a s o l id  d e te c t io n  
m e d iu m . T h e  d e n s it ie s  o f  s o l id s  a re  a p p r o x im a te ly  1 0 0 0  t im e s  th o s e  o f  g a s e s  at S T P ,  so  
f o r  th e  d e t e c t io n  o f  p e n e tra t in g  ra d ia t io n s  su ch  as X -  o r  y -p h o to n s , th e  d im e n s io n s  o f  a 
d e t e c to r  fa b r ic a te d  f r o m  a s o l id  m a te r ia l c a n  b e  m u c h  le s s  th an  th e  d im e n s io n s  o f  a d e v ic e  
u t i l is in g  a  g a s . S o l id  o r  l iq u id  s c in t i l la t io n  d e te c to rs  are s o m e t im e s  u sed . T h e s e  p r o v id e  a 
d e n s e  d e t e c t io n  m e d iu m  b u t h a v e  d ra w b a c k s  su ch  as r e la t iv e ly  p o o r  e n e r g y  r e s o lu t io n .
T h e  g e n e ra l p r in c ip le  b e h in d  s c in t i l la t io n  c o u n te rs  is  th e  in te ra c t io n  o f  in c id e n t  r a d ia t io n  
w it h  a  s u ita b le  f lu o r e s c e n t  m a te r ia l r e fe r r e d  to  as th e  s c in t il la to r .  O n  a b s o r b in g  e n e rg y ,  
e le c tr o n s  w ith in  th e  s c in t i l la to r  u n d e r g o  e x c ita t io n  to  a h ig h e r  e le c t r o n  sta te , f o l l o w e d  b y  
p r o m p t  o r  d e la y e d  re tu rn  to  th e  g r o u n d  s ta te , a c c o m p a n ie d  b y  th e  e m is s io n  o f  l i g h t  o f  a 
p h o to n  e n e r g y  a p p r o x im a te ly  e q u a l to  th e  d i f f e r e n c e  b e tw e e n  th e  tw o  e n e r g y  le v e ls .  
P r o v id e d  th e  m a te r ia l is  tra n sp a ren t to  l i g h t  o f  th a t p h o to n  e n e r g y ,  th e  l i g h t  w i l l  e s ca p e . I f  
th e  m a te r ia l is  n o t  tra n sp a ren t to  th is  l ig h t ,  im p u r it ie s  m a y  b e  in t r o d u c e d  to  th e  s c in t i l la to r  
to  c re a te  t r a p p in g  le v e l s  w h ic h  th en  g i v e  r is e  to  e n e r g y  tra n s it io n s  y i e ld in g  l i g h t  th a t is  n o t  
a b s o rb e d  b y  th e  m a te r ia l.  A  s m a ll f r a c t io n ,  (b e t w e e n  1 and  1 5 % ),  o f  th e  r e c o m b in a t io n  
e v e n ts  in  th e  s c in t i l la to r  g i v e  r is e  to  l i g h t  p h o to n s . T h e s e  m a y  b e  c o u p le d  to  a 
p h o t o m u lt ip l ie r  tu b e , th e  f i r s t  s ta g e  o f  w h ic h  is  a p h o to c a th o d e . L i g h t  in c id e n t  u p o n  th e  
p h o to c a th o d e  w i l l  p ro d u c e  o n e  o r  m o r e  p h o to  e le c tro n s . T h e s e  p h o to -e le c t r o n s  d e f in e  th e  
p r im a r y  s ig n a l w h ic h  u lt im a te ly  l im it s  th e  o v e r a l l  p u ls e  h e ig h t  r e s o lu t io n .  T h e  
p h o to e le c t r o n s  a re  th e n  a c c e le ra te d  th ro u g h  a  p o te n t ia l d i f f e r e n c e  o f  1 00  to  2 0 0  V o l t s  
to w a rd s  a  th e  f i r s t  d y n o d e .  P h o t o e le c t r o n s  s tr ik in g  th e  d y n o d e  m a y  ca u s e  s e v e ra l 
s e c o n d a r y  e le c tr o n s  to  b e  e m itte d . S u b s e q u e n t d y n o d e s  p r o g r e s s iv e ly  a m p l i f y  th is  s ig n a l. 
T e n ,  t w e lv e  o r  fo u r te e n  d y n o d e s  m a y  b e  u s e d  g i v in g  r is e  to  g a in s  u p  to  1 0 8 w h ic h  can  b e  
a d ju s te d  b y  v a r y in g  th e  b ia s  a p p lie d  to  th e  d y n o d e s . T h e  g a in  is  fo u n d  to  b e  p ro p o r t io n a l 
to  th e  b ia s  ra is e d  to  a  h ig h  p o w e r .  T h e r e fo r e ,  a v e r y  s ta b le  p o w e r  s u p p ly  is  r e q u ir e d  in  
o rd e r  to  a c h ie v e  o p t im u m  p e r fo rm a n c e .  T h e  m u lt i- s te p  p ro c e s s  in v o l v e d  f r o m  in it ia l 
p h o to n  in te ra c t io n  to  s ig n a l g e n e ra t io n  is  v e r y  in e f f ic ie n t .  T h e  e n e r g y  r e q u ir e d  to  c rea te  
o n e  in fo r m a t io n  c a r r ie r  is  u s u a lly  lO O e V  o r  m o r e ,  so  th a t th e  a v e r a g e  n u m b e r  o f  c a rr ie rs  
c re a te d  p e r  X -  o r  y - r a y  in te ra c t io n  is  t y p ic a l ly  a  f e w  th ou san d . T h e  s ta t is t ic a l f lu c tu a t io n s  
in  su ch  a  s m a ll n u m b e r  o f  c a rr ie rs  l im it s  th e  r e s o lu t io n  th a t can  b e  o b ta in e d  w ith  su ch  a 
d e v ic e .  T h e  e n e r g y  r e s o lu t io n  can  b e  im p r o v e d  b y  in c r e a s in g  th e  n u m b e r  o f  in fo r m a t io n
ca rr ie rs  c rea te d  p e r  in te ra c t io n . T h is  m a y  b e  a c h ie v e d  b y  u s in g  s e m i-c o n d u c to r  m a te r ia ls  
as th e  ra d ia t io n  d e te c t io n  m e d iu m . H e re ,  m o r e  ca rr ie rs  are  c rea te d  f o r  a g i v e n  a b s o rb e d  
r a d ia t io n  e n e r g y  than  f o r  a n y  o th e r  d e t e c to r  ty p e ,  p r in c ip a l ly  s in c e  a b o u t 1 0 0 %  o f  th e  
e le c t r o n -h o le  p a irs  c re a te d  b y  th e  r a d ia t io n  c o n s t itu te  th e  o u tp u t s ig n a l;  th e  a v e r a g e  e n e r g y  
r e q u ir e d  to  p ro d u c e  e a ch  e le c t r o n -h o le  p a ir  is  a f e w  e V ,  [K n o l l  1 9 8 9 a ]. T h e  in c r e a s e  in  
th e  n u m b e r  o f  c h a rg e  c a rr ie rs  re d u ce s  th e  p e r c e n ta g e  s ta t is t ica l f lu c tu a t io n  in  o u tp u t p u ls e  
r e s u lt in g  in  a l o w e r  e n e r g y  r e s o lu t io n  l im i t  than  is  o b ta in e d  w ith  a s c in t i l la t io n  d e v ic e .
1.1 B a n d  S tru c tu re  o f  S o l id s
T h e  p ro p e r t ie s  o f  a n y  s o l id  m a te r ia l d e p e n d  u p o n  th e  n a tu re  o f  th e  c o n s t itu e n t a to m s  and  
u p o n  th e  s tru ctu re  o f  th e  s o lid .  T h e  e le c tr o n s  th a t are a s s o c ia te d  w ith  e a ch  a to m  are  o n ly  
a l lo w e d  to  e x is t  in  c e r ta in  d is c r e te  e n e r g y  le v e ls .  A s  a c o n s e q u e n c e  o f  P a u li 's  e x c lu s io n  
p r in c ip le ,  o n ly  a c e r ta in  n u m b e r  o f  e le c tr o n s  are a l lo w e d  to  e x is t  in  e a c h  o f  th e se  e n e r g y  
le v e ls .  In  a n y  a to m  it  is  fo u n d  th a t th e  lo w e s t  e n e r g y  l e v e ls  are  f i l l e d  up  firs t .
A  s o l id  is  f o r m e d  w h e n  a to m s  c o m e  v e r y  c lo s e  to g e th e r . In  th is  e v e n t ,  th e  u p p e r  e n e r g y  
l e v e ls  o f  th e  a d ja c e n t a to m s  in te ra c t  an d  b in d  th e  a to m s  to g e th e r .  T h e r e  is  a s tro n g  
in te ra c t io n  b e tw e e n  th e  o u te r , o r  v a le n c e ,  e le c tr o n s  and  th e  u p p e r  e n e r g y  l e v e ls  b e c o m e  
d ra s t ic a l ly  a lte red . C o n s id e r  tw o  is o la te d  a to m s  w ith  th e  e n e r g y  l e v e l  d ia g ra m s  as s h o w n  
in  f ig u r e  1.1a.
an d  ( b )  tw o  a to m s  c lo s e  to g e th e r  T B ro p h v  19821
W h e n  th ese  a to m s  are  b ro u g h t  to g e th e r  th e  v a le n c e  e le c tro n s  in  b o th  a to m s  are a ttra c ted  b y  
b o th  n u c le i.  A s  a re su lt o f  th is , th e  e n e r g y  r e q u ir e d  to  m o v e  an e le c t r o n  f r o m  o n e  a tom  
to  th e  o th e r  is  re d u ce d . T h is  m e a n s  th a t an o u te r  e le c tr o n  is  e q u a l ly  l i k e l y  to  b e  lo c a te d
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n ea r  e ith e r  n u c leu s . N o w  th e re  are  tw o  e n e r g y  le v e ls  a s s o c ia ted  w ith  e a c h  a to m , ( f i g u r e  
1 .1 b ). S o  f o r  c ry s ta ls ,  c o n ta in in g  m a n y  m i l l io n s  o f  a to m s , th e re  a re  m a n y  e n e r g y  le v e ls  
a s s o c ia te d  w ith  e a ch  n u c leu s . In  th is  c a s e  th e  e n e r g y  le v e ls  o v e r la p  to  fo r m  e n e r g y  b an ds , 
as i l lu s tra te d  in  f ig u r e  1 .1c. T h e  l o w e r  e n e r g y  b an d  is  r e fe r r e d  to  as th e  v a le n c e  ban d .
T h e  u p p e r  b a n d  is  c a l le d  th e  c o n d u c t io n  b an d  an d  th is  is  e m p ty  f o r  a p e r fe c t  in s u la t in g  
c ry s ta l at z e r o  d e g r e e s  K e lv in .
F ig u r e  1 .1 c  E n e r g y  B a n d  D ia g r a m  f o r  a S o l id  C ry s ta l [B r o p h v  19821
T h e r e  is  a r e g io n  b e tw e e n  th ese  tw o  b an d s  c a l le d  th e  fo r b id d e n  g a p  w h ic h  r e fe r s  to  th e 
e n e r g y  ra n g e  w h e r e  n o  e le c tr o n s  can  e x is t ,  u n le ss  t r a p p in g  c en tre s  e x is t .  T h e  b a n d g a p  
e n e r g y  is  th e  te rm  u sed  to  e x p re s s  th e  w id th  o f  th e  fo r b id d e n  g a p  in  te rm s  o f  e n e r g y  and  is  
g i v e n  th e  s y m b o l E p. T h e  b a n d g a p  e n e r g y  is  re la te d  p r im a r i ly  to  th e  n a tu re  o f  th e  
c h e m ic a l b o n d s  w ith in  th e  m a te r ia l an d , to  a m u ch  le s s e r  d e g r e e ,  a ls o  to  te m p e ra tu re  and  
p ressu re .
F ig u r e  1 .2  E n e r g y  B a n d  M o d e ls
M a te r ia ls  are  c la s s i f ie d  a c c o r d in g  to  th e  d e g r e e  to  w h ic h  th e  a l lo w e d  e n e r g y  b an d s  are
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o c c u p ie d .  In s u la to rs  a re  m a te r ia ls  in  w h ic h  th e  a l lo w e d  e n e r g y  b a n d s  a re  e ith e r  c o m p le t e ly  
f i l l e d  o r  e m p ty .  In  su ch  a  ca s e , e le c t r o n s  a re  u n a b le  to  g a in  e n e r g y  an d  m o v e  u n d e r  th e  
in f lu e n c e  o f  an  a p p lie d  e le c t r ic  f i e ld .  M e t a ls  o n  th e  o th e r  h an d  h a v e  o n e  o r  tw o  b an d s  
p a r t ia l ly  f i l l e d .  S e m ic o n d u c to r s  h a v e  o n e  o r  tw o  b an d s  s l ig h t ly  f i l l e d  o r  s l ig h t ly  e m p ty . 
T h e s e  m a te r ia ls  an d  th e re  a s s o c ia te d  b a n d  s tru ctu res  are s h o w n  in  f ig u r e  1.2.
1 .2  In t r in s ic  P r o p e r t ie s  o f  a S e m i-C o n d u c to r
F o r  a  p e r fe c t  s e m i- c o n d u c t in g  c ry s ta l at a b s o lu te  z e r o ,  th e  c o n d u c t io n  b a n d  is  e m p ty  
w h e re a s  th e  v a le n c e  b a n d  is  c o m p le t e ly  f i l l e d ,  [R e s t e l l i  1 9 6 8 ]. T h e  c ry s ta l w i l l  th e n  
b e h a v e  l ik e  an  in su la to r . A s  th e  te m p e ra tu re  is  in c r e a s e d , e le c t r o n -h o le  p a irs  w i l l  b e  
p r o m o te d  b y  th e rm a l e x c ita t io n  f r o m  th e  to p  o f  th e  v a le n c e  b a n d  to  th e  b o t to m  o f  th e  
c o n d u c t io n  b an d , g i v in g  r is e  to  e le c t r ic a l c o n d u c t io n . T h e  n u m b e r  o f  e le c t r o n s  in  th e  
c o n d u c t io n  b a n d , n i , is  e q u a l to  th e  n u m b e r  o f  h o le s  in  th e  v a le n c e  b a n d  w h e re :
F r o m  e q u a t io n  1 .1 , i t  is  o b v io u s  th a t th e  p r o b a b i l i t y  o f  th e rm a l e x c i t a t io n  is  c r i t ic a l ly  
d e p e n d e n t  u p o n  th e  r a t io  E g/T. I f  th e  m a te r ia l b e in g  c o n s id e r e d  h a s  a  la r g e  b a n d g a p , th en  
th e re  w i l l  b e  a  l o w  p r o b a b i l i t y  o f  th e rm a l e x c ita t io n  an d  th e  m a te r ia l w i l l  h a v e  l o w  
e le c t r ic a l  c o n d u c t iv i t y  c h a ra c te r is t ic  o f  in su la to rs . I f ,  o n  th e  o th e r  h an d , th e  b a n d g a p  is  o f  
th e  o rd e r  o f  a  f e w  e le c t r o n - v o lt s ,  th en  th e  p r o b a b i l i t y  o f  th e rm a l e x c ita t io n  o f  c h a rg e  
e a rn e rs  w i l l  b e  s u f f ic ie n t ly  h ig h  r e s u lt in g  in  an  e le c t r ic a l c o n d u c t iv i t y  c h a ra c te r is t ic  
o f  a  s e m i-c o n d u c to r .
E v e n  w ith  n o  e le c t r ic  f i e ld  a p p l ie d  a c ro s s  th e  m a te r ia l,  th e  th e r m a l ly  c re a te d  e le c t r o n -h o le  
p a irs  w i l l  e v e n tu a l ly  r e c o m b in e .  A n  e q u il ib r iu m  c h a rg e  c a r r ie r  c o n c e n t ra t io n  is  c rea te d  
w h e r e  th e  n u m b e r  o f  c h a rg e  ca rr ie rs  o b s e r v e d  at a n y  t im e  is  d ir e c t ly  p r o p o r t io n a l  to  th e  
ra te  at w h ic h  th e s e  ca rr ie rs  a re  c rea ted . T h is  e q u il ib r iu m  c o n c e n t ra t io n  is  fo u n d  to  d e p e n d  
u p o n  th e  te m p e ra tu re  o f  th e  m a te r ia l an d  w i l l  r a p id ly  d e c re a s e  i f  th e  m a te r ia l  is  c o o le d .
n, =  UT3/zexf>(-EJ [Eq.1.1]
an d , U  -  te m p e ra tu re  in d e p e n d e n t  p a rt 
E g =  b a n d g a p  o f  m a te r ia l ( e V )  
k  — B o lt z m a n n 's  c o n s ta n t ( e V / K )  
T  =  o p e ra t in g  te m p e ra tu re  ( K )
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V a lu e s  o f  n { m a y  b e  o b ta in e d  f r o m  c o n d u c t iv i t y  m e a s u re m e n ts  s in c e  th e  in tr in s ic  
c o n d u c t iv i t y  cr, is  g i v e n  b y :
= <Ph(Pe+P i) [Eq.1.2]
w h e r e ,  q  =  e le c t r o n ic  c h a rg e  ( C )
I i eh — c a r r ie r  m o b i l i t ie s
1.3 E x t r in s ic  P r o p e r t ie s  o f  a  S e m i-C o n d u c to r
P e r f e c t  c ry s ta ls  ca n  n e v e r  b e  o b ta in e d  in  p ra c t ic e . R e a l  c ry s ta ls  c o n ta in  v a r io u s  k in d s  o f  
im p e r fe c t io n s  w h ic h  c a n  a f f e c t  th e  c h e m ic a l  an d  p h y s ic a l p ro p e r t ie s  o f  th e  s e m i-c o n d u c to r .  
T h e s e  im p e r fe c t io n s  m a y  b e  c h e m ic a l im p u r it ie s  o r  s tru ctu ra l d e fe c ts .  T h e  in t r o d u c t io n  o f  
c h e m ic a l  im p u r it ie s  in to  s u b s t itu t io n a l o r  in te rs t it ia l s ite s  re su lts  in  th e  fo r m a t io n  o f  
lo c a l is e d  e n e r g y  le v e ls  w ith in  th e  b a n d g a p .
S e m i- c o n d u c to r  m a te r ia ls  m a y  b e  d o p e d  b y  in t r o d u c in g  im p u r it ie s  d u r in g  th e  g r o w th  
p ro c e s s  in  o r d e r  to  a lte r  th e  e le c t r ic a l p ro p e r t ie s  o f  th e  m a te r ia l.  D o p in g  m a y  re su lt  in  an  
n -t y p e  o r  p - t y p e  m a te r ia l  b e in g  p ro d u c e d  d e p e n d in g  o n  th e  n a tu re  o f  th e  d op a n t. A  s e m i­
c o n d u c to r  m a te r ia l  w h o s e  p ro p e r t ie s  h a v e  b e e n  a lte r e d  b y  th e  p ro c e s s  o f  d o p in g  is  r e fe r r e d  
to  as an e x tr in s ic  s e m i- c o n d u c to r  as o p p o s e d  to  an  u n d o p e d  'p u re ' in tr in s ic  on e .
1 .3 .1  n - t v o e  S e m i-C o n d u c to r s
S i l ic o n ,  f o r  e x a m p le ,  is  te tr a v a le n t :  e a ch  s i l ic o n  a to m  fo r m s  a  c o v a le n t  b o n d  w ith  f o u r  o f  
its  n ea re s t n e ig h b o u rs  in  th e  la t t ic e .  I f  a  s m a ll a m ou n t o f  im p u r it y  is  a d d ed , th e  im p u r it y  
a to m s  w i l l  o c c u p y  s u b s t itu t io n a l s ite s  w ith in  th e  c ry s ta l la t t ic e .  I f  th e  im p u r it y  is  an 
e le m e n t  f r o m  g r o u p  V  o f  th e  p e r io d ic  ta b le ,  th e re  w i l l  b e  f i v e  v a le n c e  e le c tr o n s  
s u r ro u n d in g  e a c h  im p u r it y  a to m . A f t e r  b o n d in g  to  th e  n ea re s t f o u r  s i l ic o n  a to m s , o n e  o f  
th e  v a le n c e  e le c tr o n s  o f  th e  im p u r it y  a to m  is  l e f t  o v e r ,  an d  b e c o m e s  l o o s e ly  b o u n d  to  th e  
im p u r it y  a to m . T h is  su rp lu s  e le c t r o n  o n ly  r e q u ir e s  a  s m a ll a m o u n t o f  e n e r g y  to  d is lo d g e  i t  
an d  p r o m o te  i t  to  th e  c o n d u c t io n  b an d . In  th is  p ro c e s s  n o  c o r r e s p o n d in g  h o le  is  p ro d u c e d . 
T h e r e fo r e ,  e le c t r o n s  w ith in  an n - ty p e  s e m i- c o n d u c to r  a re  r e fe r r e d  to  as m a jo r i t y  c a rr ie rs  
w h e re a s  h o le s  a re  r e fe r r e d  to  as m in o r i t y  ca rr ie rs . Im p u r it ie s  o f  th is  t y p e  a re  r e fe r r e d  to  
as d o n o r s  b e c a u se  th e y  d o n a te  e le c tr o n s  to  th e  c o n d u c t io n  b an d . S in c e  th e  e x t ra  e le c tro n s  
a re  n o t  p a rt o f  th e  r e g u la r  c ry s ta l la t t ic e  th e y  o c c u p y  le v e ls  w ith in  th e  n o r m a l ly  fo r b id d e n  
g a p ,  an d  s in c e  th e y  o n ly  r e q u ir e  a s m a ll a m o u n t o f  e n e r g y  to  b e  p r o m o te d  to  th e
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conduction band, these levels are located just below  the base o f the conduction band.
1 .3 .2  p - t v p e  S e m i-C o n d u c to r s
I f  a t r iv a le n t  e le m e n t ,  f r o m  G ro u p  I I I  o f  th e  p e r io d ic  ta b le ,  is  a d d e d  to  a  r e g u la r  s i l ic o n  
c ry s ta l la t t ic e ,  th e  im p u r it y  w i l l  h a v e  o n e  le s s  v a le n c e  e le c tr o n  th a n  th e  s u r ro u n d in g  s i l ic o n  
a to m s . In  th is  c a s e , o n e  o f  th e  c o v a le n t  b o n d s  is  l e f t  u n sa tu ra ted . T h is  v a c a n c y  
r e p re s en ts  a  h o le  s im ila r  to  th a t l e f t  b e h in d  w h e n  a  v a le n c e  e le c t r o n  is  e x c i t e d  to  th e  
c o n d u c t io n  b an d . In  th is  c a s e , th e  h o le s  are  r e fe r r e d  to  as th e  m a jo r i t y  c a rr ie rs  an d  th e  
e le c t r o n s  a re  r e fe r r e d  to  as th e  m in o r i t y  c a rr ie rs . T h e  im p u r it y  a to m  h as  o n e  e le c t r o n  le s s  
th an  th e  s i l ic o n  a to m s  s u r ro u n d in g  i t  an d  is  thu s r e fe r r e d  to  as an  a c c e p to r  im p u r it y  s in c e  
i t  w i l l  a c c e p t  e le c tr o n s  f r o m  th e  s u r ro u n d in g  la t t ic e  in  o rd e r  to  c re a te  s a tu ra ted  c o v a le n t  
b o n d s  w i t h  a ll f o u r  o f  th e  n e ig h b o u r in g  s i l ic o n  a tom s .
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F ig u r e  1.3 R e p r e s e n ta t io n  o f  ( a )  d o n o r  im p u r it ie s  an d  ( b )  a c c e n to r  im p u r it ie s  in  a  s i l ic o n  
c ry s ta l w i th  c o r r e s p o n d in g  e n e r g y  l e v e ls  c rea te d  w ith in  th e  fo r b id d e n  g a p .  [K n o l l  1 9 8 9 b l
I f  an  e le c t r o n  f i l l s  th e  v a c a n c y ,  i t  f o r m s  p a rt o f  a c o v a le n t  b o n d . T h is  b o n d  h o w e v e r  is  
n o t  id e n t ic a l  to  th e  b o n d s  w ith in  th e  b u lk  o f  th e  c iy s ta l  s in c e  o n e  o f  th e  a to m s  in v o lv e d  in  
th e  b o n d in g  is  t r iv a le n t .  T h u s , an e le c t r o n  f i l l i n g  th is  h o le  w i l l  b e  le s s  t ig h t ly  b o u n d  th an  
th e  v a le n c e  e le c tr o n s  b e tw e e n  a s i l ic o n - s i l ic o n  b on d . T h e r e fo r e ,  a c c e p to r  im p u r it ie s  a ls o
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re su lt in  th e  c re a t io n  o f  e n e r g y  l e v e ls  w ith in  th e  n o r m a lly  fo r b id d e n  g a p . In  th is  c a s e , th e  
e n e r g y  l e v e ls  are  n ea r  to  th e  to p  o f  th e  v a le n c e  b an d  b ec a u se  th e ir  p ro p e r t ie s  are  v e r y  
s im ila r  to  th o s e  o f  v a le n c e  e le c tro n s . F ig u r e  1.3 a b o v e  illu s tra te s  th e  e n e r g y  le v e ls  
c rea te d  w ith in  th e  fo r b id d e n  g a p  o f  s e m i-c o n d u c to r s  b y  th e  a d d it io n  o f  im p u r it y  a tom s.
1 .4  S tru ctu ra l D e fe c t s
A n  id e a l c ry s ta l is  o n e  in  w h ic h  e a ch  o f  th e  c o n s t itu e n t a to m s  h as  a d e f in i t e  e q u ilib r iu m  
p o s it io n  in  a r e g u la r  la t t ic e . D e fe c t s  in  a c ry s ta l 's  s tru ctu re  m a y  b e  p ro d u c e d  as a re su lt 
o f  m is s in g  a to m s  w ith in  th e  la t t ic e ,  a to m s  o u t o f  p la c e ,  ir r e g u la r it ie s  in  th e  s p a c in g  o f  th e  
a to m s  an d  a ls o  th e  p re s e n c e  o f  im p u r it ie s .  T h e s e  d e fe c ts  h a v e  a s ig n i f ic a n t  e f f e c t  o n  th e  
p h y s ic a l p ro p e r t ie s  o f  th e  m a te r ia l.
S tru ctu ra l d e fe c ts  m a y  b e  in tro d u c e d , d e l ib e r a te ly  o r  a c c id e n ta l ly ,  in to  a s e m i-c o n d u c to r  
r a d ia t io n  d e te c to r  d u r in g  fa b r ic a t io n .  D e fe c t s  in  th e  stru ctu re  o f  th e  d e t e c to r  m a te r ia l h a v e  
a c o n s id e r a b le  e f f e c t  o n  its  p h y s ic a l p ro p e r t ie s .  D e fe c t s  m a y  le a d  to  t r a p p in g  and  
r e c o m b in a t io n  o f  c h a rg e  ca rr ie rs  w h ic h  u lt im a te ly  a f fe c t  th e  m o b i l i t y  o f  th e  ca rrie rs .
Figure 1.4 Point Defects in a Crystal
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P o in t  d e fe c ts  c o n s is t  o f  a s tru ctu ra l d e fe c t  c e n tr e d  a b o u t a s in g le  p o in t  in  th e  c ry s ta l,  and  
in c lu d e  v a c a n c ie s  an d  in te rs t it ia l a to m s , o r  g r o u p s  o f  a to m s , and  im p u r it ie s .  F ig u r e  1.4 
illu s tra te s  s e v e ra l ty p e s  o f  p o in t  d e fe c t .  V a c a n c ie s  and  in te rs t it ia ls  are  fo u n d  in  a ll 
c ry s ta ls  and  are  n a tu ra lly  p ro d u c e d  b y  th e rm a l e x c ita t io n . T h e  n u m b e r  o f  v a c a n c ie s  and  
in te rs t it ia ls  in c r e a s e s  r a p id ly  w ith  tem p era tu re .
L in e  d e fe c ts  are  o ft e n  r e fe r r e d  to  as d is lo c a t io n s ,  and  are im p e r fe c t io n s  c e n tr e d  a lo n g  a 
l in e  w ith in  th e  c ry s ta l.  D is lo c a t io n s  are o f  tw o  b a s ic  ty p e s , e d g e  d is lo c a t io n s  o r  s c r e w  
d is lo c a t io n s .  T h e s e  d e fe c ts  m a y  b e  p ro d u c e d  b y  th e  a p p lic a t io n  o f  s tress  to  th e  m a te r ia l.  
S l ip  m a y  o c c u r  a lo n g  c e r ta in  p la n e s  an d  le a d  to  a d is lo c a t io n  l in e  b e in g  p ro d u c e d  b e tw e e n  
th e  c ry s ta l and  th e  r e g io n  th a t has s lip p e d . F ig u r e  1.5 i l lu s tra te s  an e d g e  and  a s c r e w  
d is lo c a t io n .
F ig u r e  1.5 D is lo c a t io n s
1.5 C a r r ie r  L i f e t im e
In  s e m i-c o n d u c to r  r a d ia t io n  d e te c to rs ,  e x c e s s  e le c t r o n -h o le  p a irs  a re  c re a te d  b y  e x c ita t io n  
o f  e le c tr o n s  f r o m  th e  v a le n c e  b an d  to  th e  c o n d u c t io n  ban d . T h is  o c c u rs  w h e n  ra d ia t io n  
e n e r g y  g r e a te r  than  o r  e q u a l to  th e  b a n d g a p  e n e r g y ,  E g, is  a b s o rb e d . I f  an e le c t r ic  f i e ld  is  
a p p lie d  to  th e  s a m p le ,  th e s e  e le c t r o n -h o le  p a irs  m ig r a te  u n til th e y  are  c o l le c t e d  at th e  
e le c tr o d e s .  S o m e  d i f fu s io n  w i l l  o c c u r  e v e n  w ith o u t  th e  a p p lic a t io n  o f  an a p p lie d  e le c t r ic  
f ie ld .  V a n  R o o s b r o e c k  and  S h o c k le y  p re d ic te d  tha t th e  a v e r a g e  l i f e t im e  o f  a c h a rg e  c a rr ie r
c o u ld  b e  as la r g e  as o n e  s e c o n d  b e fo r e  r e c o m b in a t io n  o c c u rs , [v a n  R o o s b r o e c k  1 9 5 4 ].  In  
p ra c t ic e  h o w e v e r ,  l i f e t im e s  h a v e  b e e n  m e a s u re d  to  b e  at le a s t  th re e  o rd e rs  o f  m a g n itu d e  
l o w e r  th an  th e  p r e d ic te d  v a lu e s . R e c o m b in a t io n  is  d o m in a te d  b y  im p u r it ie s  o c c u p y in g  
s u b s t itu t io n a l la t t ic e  p o s it io n s  and  c r e a t in g  e n e r g y  l e v e ls  n e a r  th e  m id d le  o f  th e  b a n d g a p . 
T h e s e  l e v e ls  are  r e fe r r e d  to  as d e e p  im p u r it y  l e v e ls  and  a c t as t r a p p in g  c en tre s  f o r  c h a rg e  
ca rr ie rs . E le c t r o n - h o le  p a irs  m a y  b e c o m e  tr a p p e d  an d  im m o b i l i s e d  f o r  l o n g  p e r io d s  o f  
t im e  p r e v e n t in g  th em  f r o m  b e in g  r e g is t e r e d  as p a rt o f  th e  m e a s u re d  o u tp u t p u ls e .
N o n - e q u i l ib r iu m  p h e n o m e n a  are  o f  g r e a t  im p o r ta n c e  in  m o s t  s e m i-c o n d u c to r  ra d ia t io n  
d e t e c to r  a p p lic a t io n s  s in c e  d e v ia t io n s  f r o m  e q u il ib r iu m  c o n d it io n s  f r e q u e n t ly  o ccu r .
E x c e s s  e le c tr o n s  an d  h o le s  a re  c rea te d , f o r  e x a m p le ,  b y  e x c ita t io n  o f  an  e le c t r o n  f r o m  th e  
v a le n c e  b a n d  to  th e  c o n d u c t io n  b a n d  f o l l o w in g  a b s o rp t io n  o f  e n e r g y  f r o m  io n is in g  
ra d ia t io n . A f t e r  in t r o d u c t io n  o f  a  n o n -e q u il ib r iu m  c h a rg e  c a r r ie r  c o n c e n tra t io n ,  th e  s y s tem  
te n d s  to  re tu rn  b a c k  to  th e  e q u il ib r iu m  c o n c e n tra t io n . T h e  n u m b e r  o f  e x c e s s  c h a rg e  
e a rn e rs  at a n y  t im e  t is  g i v e n  b y :
n = n0exq(tjx)  [Eq.1.3]
w h e r e  n Q =  n u m b e r  o f  e x c e s s  c h a rg e  ca rr ie rs  at t im e  t= 0
v  =  m in o r i t y  c a r r ie r  l i f e t im e
T w o  im p o r ta n t  p a ra m e te rs  r e la t e d  to  th e  c a r r ie r  l i f e t im e  x  a re  th e  d i f fu s io n  le n g th  L  and  
th e  d r i f t  le n g th  I, jR e s t e l l i  1 9 6 8 ].
L  = (Dt)1'2 [Eq.1.4]
w h e r e  D  =  d i f fu s iv i t y  o b ta in e d  f r o m  E in s te in 's  r e la t io n  D  =  p k T / q
L  is  th e  d is ta n c e  a  c a r r ie r  can  tr a v e l v i a  d i f fu s io n  in  th e  l i f e t im e  r. / is  th e  a v e ra g e  
d is ta n c e  a  c h a rg e  c a r r ie r  ca n  t r a v e l u n d e r  an a p p lie d  e le c t r ic  f i e ld ,  E ,  in  th e  l i f e t im e  x.
T h e  d i f fu s io n  le n g th  / is  g i v e n  b y :
I = \jlE x [Eq.1.5]
W h e n  t  is  th e  m e a n  l i f e t im e  b e tw e e n  t r a p p in g  e v e n ts ,  th e  q u a n tity  I  is  r e fe r r e d  to  as th e  
t r a p p in g  le n g th .
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1.6 C h a r g e  R e c o m b in a t io n
T h e  c a r r ie r  l i f e t im e  d e p e n d s  u p o n  th e  ra te  at w h ic h  th e  e x c e s s  e le c t r o n s  and  h o le s  
r e c o m b in e .  T h e r e  are  s e v e r a l m e c h a n is m s  f o r  r e c o m b in a t io n :  d ir e c t  r a d ia t iv e  
r e c o m b in a t io n ,  s u r fa c e  r e c o m b in a t io n  o r  b u lk / v o lu m e  r e c o m b in a t io n .  F ig u r e  1.6  illu s tra te s  
th e  th re e  m o d e s  o f  r e c o m b in a t io n .
1.6.1 R a d ia t iv e  R e c o m b in a t io n
R a d ia t iv e  r e c o m b in a t io n  is  th e  o p p o s it e  o f  th e  c h a rg e  c a r r ie r  g e n e ra t io n  m e c h a n is m . A n  
e le c tr o n  f r o m  th e  c o n d u c t io n  b a n d  d ro p s  d o w n  in to  a h o le  in  th e  v a le n c e  b an d . T h e  
e x c e s s  e n e r g y  is  th en  d is s ip a te d  in  p a rt th ro u g h  th e  e m is s io n  o f  a p h o to n .
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Figure 1.6 Modes of Recombination TBurton 19531
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1 .6 .2  S u r fa c e  R e c o m b in a t io n
S u r fa c e  r e c o m b in a t io n  is  c h a ra c te r is e d  b y  a  s u r fa c e  l i f e t im e  an d  a  r e c o m b in a t io n  v e lo c i t y  
S . T h e  r e c o m b in a t io n  v e l o c i t y  is  a r a t io  b e tw e e n  th e  r e c o m b in a t io n  ra te  p e r  u n it  a rea  an d  
th e  e x c e s s  c h a rg e  c a r r ie r  c o n c e n tra t io n  ju s t  b e l o w  th e  su rfa ce . V a lu e s  o f  S r a n g e  f r o m  5 0  
to  105, th e  l o w e r  v a lu e  r e fe r r in g  to  a v e r y  s m o o th  e tc h e d  su rfa ce .
1 .6 .3  B u lk  R e c o m b in a t io n
B u lk  r e c o m b in a t io n  in v o lv e s  th e  r e c o m b in a t io n  o f  e le c tro n s  an d  h o le s  v i a  an  in te rm e d ia te  
s ta te  w ith in  th e  b a n d g a p  i t s e l f .  R e c o m b in a t io n  c en tres  m a y  b e  c re a te d  b y  c h e m ic a l 
im p u r it ie s  o r  s tru ctu ra l im p e r fe c t io n s  w ith in  th e  m a te r ia l.  T h e s e  im p u r it ie s  an d  d e fe c ts  
in tr o d u c e  e n e r g y  le v e ls  w ith in  th e  b a n d g a p  w h ic h  a f f e c t  th e  ra te  a t w h ic h  c h a rg e  ca rr ie rs  
a re  c re a te d  an d  c o l le c t e d .
1 .6 .4  C h a r g e  T r a p p in g
T h e  p e r fo rm a n c e  o f  s e m i- c o n d u c to r  r a d ia t io n  d e te c to rs  d e p e n d s  c r i t i c a l ly  u p o n  th e  
n u m b e r  o f  t r a p p in g  c en tres . T h e  p r e s e n c e  o f  th e s e  t r a p p in g  c e n tre s  re su lts  in  a  lo s s  o f  
c o l le c t e d  c h a rg e  an d  h e n c e  d e g r a d a t io n  in  th e  e n e r g y  r e s o lu t io n . A  t r a p p in g  p ro c e s s  is  o n e  
in  w h ic h  an  e le c t r o n  ( o r  h o le )  is  c a p tu red  b y  a t r a p p in g  c en tre  an d  th e n  h as  a m u c h  h ig h e r  
p r o b a b i l i t y  o f  b e in g  th e rm a lly  r e - e m it te d  in to  th e  c o n d u c t io n  ( o r  v a le n c e )  b a n d  th an  o f  
r e c o m b in in g  w i t h  a  h o le  ( o r  e le c t r o n )  c a p tu red  at th e  s a m e  s ite .
I )  i i )  i i i )
Figure 1.7 Effect of Trapping on Charge Collection fMaver 19681
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T h e  m e a n  t im e  a  c a r r ie r  is  f r e e  b e fo r e  t r a p p in g  is  fo u n d  to  b e  in v e r s e ly  p r o p o r t io n a l to  th e  
d e n s ity  o f  th e  t r a p p in g  c e n tre s  an d  th e ir  c ro s s -s e c t io n . T h e  ra te  o f  th e rm a l e x c ita t io n  o f  
c a rr ie rs  o u t o f  th e  t r a p p in g  c en tre s  is  p r o p o r t io n a l to  e x p ( - E T/ k T ),  w h e r e  E T is  th e  e n e r g y  
r e q u ir e d  to  ra is e  an  e le c t r o n  f r o m  th e  trap  l e v e l  to  th e  e d g e  o f  th e  c o n d u c t io n  b an d .
F ig u r e  1 .7  i l lu s tra te s  th e  e f f e c t  o f  tr a p p in g  o n  th e  c o l le c t io n  o f  c h a rg e  ca rr ie rs .
I f  n o  tr a p p in g  o c c u rs , th e  c h a rg e  ca rr ie rs  a re  s w e p t  a c ro s s  th e  d e p le t io n  r e g io n  in  th e  t im e  
T R. A  lo s s  in  th e  o u tp u t p u ls e  h e ig h t ,  v ,  is  o b s e r v e d  w ith  d e e p  t r a p p in g  (c u r v e  i ) .  I f  
d e t ra p p in g  p ro c e s s e s  b e c o m e  s ig n i f ic a n t  th e  tra n s ie n t r e s p o n s e  w i l l  h a v e  a  fa s t  r is in g  
c o m p o n e n t  o v e r  th e  t im e  T R f o l l o w e d  b y  a  s l o w  r is in g  c o m p o n e n t  (c u r v e  i i ) .  I f  a  la r g e  
n u m b e r  o f  in te ra c t io n s  o c c u r  w it h  s h a l lo w  t r a p p in g  c en tres  in  w h ic h  d e t ra p p in g  is  fa s t  
c o m p a r e d  to  T R th en  th e  p r im a r y  e f f e c t  o f  t r a p p in g  w i l l  b e  to  r e d u c e  th e  e f f e c t i v e  c h a rg e  
c a r r ie r  m o b i l i t y  ( c u r v e  i i i ) .
1 .7  In te ra c t io n s  o f  X -  an d  G a m m a -R a v s
W h e n  a y - ra y  e n te rs  a  r a d ia t io n  d e te c to r ,  i t  m u s t p ro d u c e  a r e c o i l  e le c t r o n  in  o rd e r  to  b e  
r e c o rd e d  as an  io n is in g  e v e n t .  T h e  th re e  m a in  p ro c e s s e s  b y  w h ic h  X -  an d  y -ra y s  tra n s fe r  
e n e r g y  to  m a tte r  are  p h o t o e le c t r ic  a b s o rp t io n , C o m p to n  s c a t te r in g  an d  P a i r  p ro d u c t io n .
1 .7 .1  P h o t o e le c t r ic  A b s o r p t io n
In  th is  p ro c e s s ,  th e  X -  o r  y - r a y  p h o to n  tra n s fe rs  a ll o f  its  e n e r g y  to  an  a b s o rb e r  a to m . T h e  
p h o to n  e n e r g y  is  c o m p le t e ly  a b s o rb e d  b y  th e  d e te c to r  and  re su lts  in  th e  e m is s io n  o f  an 
in n e r  s h e ll e le c tro n . T h is  in te ra c t io n  is  o n ly  p o s s ib le  w ith  b o u n d  e le c t r o n s  s in c e  a n o th e r  
b o d y  is  r e q u ir e d  in  o rd e r  to  b a la n c e  th e  m o m e n tu m .
F o r  p h o to e le c t r ic  a b s o rp t io n  p ro c e s s e s  th e  e n e r g y  b a la n c e  f o r  th e  in te r a c t io n  is  g i v e n  b y :
[Eq.1.6]
w h e re :
an d
T e — r e c o i l  e le c t r o n  e n e r g y  
E r — in c id e n t  p h o to n  e n e r g y  
B E 0 =  b in d in g  e n e r g y  o f  e le c t r o n  r e m o v e d  
T r — r e c o i l  e n e r g y  o f  ta r g e t  a to m  (g e n e r a l ly  n e g l i g ib l e ) .  .
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T h e  e le c t r o n  v a c a n c y  p ro d u c e d  is  r a p id ly  f i l l e d ,  ( in  a b o u t 1 0 '16 s e c o n d s ),  w i th  th e  e m is s io n  
o f  a  c a s c a d e  o f  c h a ra c te r is t ic  X - r a y s  an d  A u g e r  e le c tro n s . T h e s e  X - r a y s  an d  A u g e r  
e le c tr o n s  h a v e  r e la t iv e ly  l o w  e n e r g y  an d  are  g e n e r a l ly  a b s o rb e d  c lo s e  to  th e  s ite  o f  th e  
p r im a r y  e v e n t.  I f  th e  in c o m in g  p h o to n  has e n e r g y  le s s  th an  a  g i v e n  e le c t r o n  b in d in g  
e n e r g y  th en  th o s e  p a r t ic u la r  e le c tr o n s  c a n n o t  b e  e je c te d ,  an d  as a  r e s u lt  th e  to ta l 
c r o s s -s e c t io n  o f  in te ra c t io n  is  re d u ce d . T h is  fe a tu re  is  s h o w n  b y  c h a ra c te r is t ic  s teps , 
(a b s o r p t io n  e d g e s ) ,  in  th e  to ta l c r o s s -s e c t io n  as a fu n c t io n  o f  e n e rg y .  A b o v e  th e  K -  
a b s o rp t io n  e d g e  th e  p h o to e le c t r ic  c r o s s -s e c t io n  is  fo u n d  to  b e  p r o p o r t io n a l  to  Z (410 3) and
-p -(3.5 to 1)
y
I t  is  th e  tra il o f  io n is e d  a to m s  a lo n g  th e  r e c o i l  e le c t r o n  tra ck , w h ic h  is  c o m p o s e d  o f  
e le c t r o n -h o le  p a irs , w i th in  th e  d e t e c to r  w h ic h  g i v e s  r is e  to  th e  o u tp u t p u ls e . F o r  th e  
p h o to e le c t r ic  p ro c e s s  th e  d e te c to r 's  o u tp u t p u ls e  is  p ro p o r t io n a l to  th e  e n e r g y  o f  th e  
in c id e n t  p h o to n  u n le ss  th e  c h a ra c te r is t ic  X - r a y s  e sca p e . In  th e  p u ls e  s p e c tru m , th e se  
p u ls e s  w i l l  g i v e  r is e  to  fu l l - e n e r g y  a b s o rp t io n  p ea k s  w h ic h  h is t o r ic a l ly  w e r e  d e s c r ib e d  as 
'p h o to p e a k s '.
1 .7 .2  C o m p to n  S c a tt e r in g
In  C o m p to n  s c a tte r in g , th e  in c id e n t  p h o to n  sca tte rs  in e la s t ic a l ly  w ith  th e  m o r e  lo o s e ly  
b o u n d  e le c t r o n s  o f  th e  a b s o r b in g  m a te r ia l ,  an d  g i v e s  r is e  to  a s ca tte re d  p h o to n  w ith  
r e d u c e d  e n e rg y .  T h e  b a la n c e  o f  e n e r g y  is  ta k e n  u p  b y  th e  r e c o i l  e le c tr o n .  C o m p to n  
s c a tte r in g  o c c u rs  p r e d o m in a n t ly  w ith  'fr e e ' e le c tro n s , ( i .e .  th o s e  w h o s e  b in d in g  e n e r g y  is  
m u c h  le s s  th an  th e  e n e r g y  o f  th e  in c id e n t  p h o to n ).
T h e  in te ra c t io n  c ro s s -s e c t io n  f o r  C o m p to n  s c a tte r in g  is  fo u n d  to  b e  a p p r o x im a te ly  
p r o p o r t io n a l to  th e  a to m ic  n u m b e r  o f  th e  a b s o rb e r  and  in v e r s e ly  p r o p o r t io n a l  to  th e  e n e r g y  
o f  th e  in c id e n t  p h o to n , i.e .
o c =  o 0 Z j E y [E q .1 .7 ]
C o m p to n  s c a t te r in g  g i v e s  r is e  to  a d is t r ib u t io n  o f  p u ls e  a m p litu d e s  u p  to  a  m a x im u m  p u ls e  
h e ig h t .  T h is  m a x im u m  in  th e  p u ls e  a m p litu d e  d is t r ib u t io n  is  c a l le d  th e  C o m p to n  e d g e  an d  
c o r re s p o n d s  to  'h e a d -o r f  c o l l i s io n  in  w h ic h  th e  in c id e n t  p h o to n  is  s ca tte re d  th ro u g h  180°.
In  la r g e  d e te c to rs ,  C o m p to n  e v e n ts  m a y  a ls o  c o n tr ib u te  to  th e  fu l l - e n e r g y  p e a k  w h e n  th e
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s c a tte re d  p h o to n  u n d e r g o e s  o n e  o r  m o r e  a d d it io n a l in te ra c t io n s  le a d in g  to  c o m p le te  
a b s o rp t io n .
1.7 .3  P a i r  P r o d u c t io n
P h o to n s  w ith  e n e r g y  g r e a t e r  th an  1 .0 2 2 M e V  can  in te ra c t  w ith  th e  in te n s e  e le c t r ic  f i e ld  n ea r  
to  th e  n u c leu s  an d  m a y  b e  t o t a l ly  a b s o rb e d  g i v in g  r is e  to  an e le c t r o n -p o s it r o n  p a ir . T h e  
o r ig in a l  p h o to n  e n e r g y  g o e s  f i r s t  in to  c r e a t in g  th e  p o s it r o n  an d  e le c t r o n  m a ss es , (m 0c2 
e a c h ),  an d  e x c e s s  e n e r g y  s u p p lie s  th e  r e c o i l  k in e t ic  e n e rg ie s  T e+ an d  T 0..
T h u s , E y =  ( T * .  +  m 0c2 )  +  ( T e_ +  m Qc 2 )
=  T e+ +  T 0_ +  2 m  Cc 2
T h e r e fo r e ,
T „  +  Tc_ =  £ t  -  Z m 0c 2 =  E y -  y . Q S 2 M e V  [Eq.1.8]
o pp =  a 0 Z 2l n ( q )  f o r  E y>  1 , Q 2 2 M e V  [Eq.1.9]
T h e  p h o to n  e n e r g y  r a n g e  o f  g r e a te s t  in te re s t  in  th is  s tu d y  is  a p p r o x im a te ly  l - 1 0 0 k e V  
w h ic h  e n c o m p a s s e s  th e  c h a ra c te r is t ic  X - r a y s  o f  m o s t  o f  th e  e le m e n ts .  In  th is  ra n g e , f o r  
h ig h e r  Z  d e te c to r s ,  th e  p h o t o e le c t r ic  p ro c e s s  is  th e  m o s t  im p o r ta n t .
1 .8  D is c u s s io n
O v e r  th e  la s t  tw e n t y  y e a r s  s e m ic o n d u c to r  m a te r ia ls  w ith  la r g e  b a n d g a p s  h a v e  b e e n  
in v e s t ig a te d  f o r  u s e  as r o o m -te m p e ra tu re  o p e ra te d  ra d ia t io n  d e te c to rs . In c o r p o r a t in g  su ch  a 
m a te r ia l in to  a  d e t e c t io n  s y s te m  en su res  th a t th e  d e te c to r  le a k a g e  cu rre n t is  r e la t iv e ly  l o w  
at its  n o rm a l o p e ra t in g  b ia s . T h is  r e m o v e s  th e  n e e d  f o r  th e  d e t e c to r  to  b e  o p e ra te d  at 
r e d u c e d  te m p e ra tu re , h e n c e  n o  b u lk y  c r y o s ta t  c o n ta in in g  l iq u id  n i t r o g e n  is  r e q u ired . T h is  
s u b s ta n t ia lly  re d u ce s  th e  s iz e  an d  ru n n in g  c o s t  o f  th e  s y s tem .
T h e  q u a lit y  o f  c ry s ta ls  g r o w n  b y  v a r io u s  m e th o d s  h as im p r o v e d  g r e a t ly  w ith  th e  in c r e a s e d  
in te re s t  in  th e  g r o w th  o f  s i l ic o n  an d  g e rm a n iu m  f o r  u se  in  e le c t r o n ic  d e v ic e s .  G r o w th  o f  
o th e r  m a te r ia ls  h as b e n e f i t e d  f r o m  th e  s i l ic o n  an d  g e rm a n iu m  c ry s ta l g r o w th  t e c h n o lo g y .  
K n o w le d g e  has b e e n  g a in e d  o n  th e  h a n d lin g ,  c le a n in g  an d  e tc h in g  o f  th e s e  m a te r ia ls  f o r  
e le c t r o n ic s  a p p lic a t io n s . S u ch  m a te r ia ls  n e e d  to  h a v e  v e i y  l o w  im p u r it y  c o n c e n tra t io n s
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and veiy few defects in their structure in order to reduce trapping and recombination 
processes which would otherwise lead to degradation in charge collection and energy 
resolution of the radiation detector.
As well as having a wide bandgap to allow the device to operate at room temperature, it is 
beneficial to have a material of high density composed of high atomic number 
constituents. X- and y-ray interaction cross-sections increase greatly as a function of 
atomic number. Therefore, detectors fabricated from high atomic number components 
would have a greater full-energy photopeak efficiency than one with lower atomic number 
constituents.
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CHAFFER 2 SUITABLE ROOM TEMPERATURE DETECTOR MATERIALS
2.1 Semi-conductor Radiation Detectors
The majority of semi-conductor radiation detectors used at present are produced from 
silicon or germanium. Basically, semi-conductor detectors operate as ionisation 
chambers in which the gaseous medium is replaced by a solid. These detectors depend 
upon rapid and complete charge collection from an active volume of appropriately biased 
material in which the important parameters are the atomic number of the constituent atoms 
and the volume attainable, [Armantrout 1977]. Table 2.1 shows the requirements of a 
material to be used as a semi-conductor radiation detector, [Miller 1972].
Requirement Consequence
Long trap length for both carriers Efficient charge collection
Wide bandgap Operation without refrigeration
Low impurity concentration Large depletion layer
High Z Efficient gamma-ray detection
Adequate crystal growth and 
contacting technology
Production of usable detectors
Table 2.1 Requirements of a Material for Radiation Detection
The widespread popularity of detectors fabricated from silicon and germanium is due to 
their excellent charge transport properties which allow the use of large crystals without 
suffering excessive carrier losses from both trapping and recombination. Silicon and 
germanium are not ideal however. Due to their narrow band gaps, silicon and germanium 
based detectors must be operated at reduced temperatures in order to reduce thermally 
generated leakage currents. This cooling is normally achieved using bulky cryostats
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containing liquid nitrogen. This leakage current could also be reduced by using a 
semi-conductor material with a larger bandgap than silicon or germanium. A bandgap of 
greater than 1.4eV would allow the detectors to be operated at room temperature, [Miller 
1972]. Room temperature operation would, in many applications, outweigh the 
disadvantages of a wider bandgap, (i.e. the need for greater energy to create an 
electron-hole pair).
The elimination of the cryogenic coolant and associated vacuum cryostat would permit the 
design and construction of miniature, practically convenient X-ray detection systems which 
could find application in already existing equipment as well as in various new fields.
In y-ray spectroscopy, detectors fabricated from high-Z materials are at a premium.
Higher Z semi-conductors can be thinner, thus reducing the gx requirements, where g = 
charge mobility and t = mean time before trapping. (The gx product characterises the 
charge collection properties of a given material). But, higher Z materials which have a 
sufficiently large bandgap for low noise operation, tend to have relatively small carrier 
mobilities due to polar lattice scattering, [Armantrout 1977], As far as high-Z materials 
are concerned, germanium (Z=32) shows big detection efficiency improvements over 
silicon (Z=12), but many other elements are available with much higher Z values.
IIIA 1VA VA VIA VHA
3B 6C 7N 80 9F
IB HB 13 Al 14Si 13P 16s 17C1
29Cu 30Zn 31Ga 32Ge 33As 34Se 33Br
47 Ag 48Cd 49In 50Sn 31Sb 32Te 33I
79 Au 80Hg 81T1 82Pb 83Bi 84Po 83 At
Figure 2.1 Portion of Periodic Table [Strauss 19771
Over the last twenty years, materials under consideration for use as room-temperature 
radiation detectors have included mercuric iodide, cadmium telluride, gallium arsenide, 
diamond and indium phosphide. Figure 2.1 shows how the elements of these materials
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are positioned relative to one another in the Periodic Table.
This chapter gives a brief summary of the chemical and physical properties of a few of the 
more promising materials together with methods used for growing crystals of adequate 
purity.
2.2 Materials
2.2.1 Cadmium Telluride (CdTe)
Cadmium and tellurium are located in the fifth row of the periodic table and have atomic 
numbers of 48 and 52 respectively. Cadmium telluride's average atomic number of 50 is 
the highest of all HB-VIA compounds. Cadmium telluride crystals have the zincblende 
structure, as shown in figure 2.2. Each atom within the lattice is tetrahedrally bonded to 4 
nearest neighbours of the other element. The most probable lattice constant for this 
material is 6.481 Angstrom units (AU) which is also the largest of any II-VI compound. 
The cleavage plane is the [110] plane.
Because of its high atomic number constituents, the gain in detection efficiency for 
500keV photons is about 5 or 6 times that of gennanium. Due to the high Z values the 
energies of characteristic X-rays produced within the crystal are rather high compared with 
silicon and germanium. Hence, escape probability becomes high in CdTe devices of small 
volume. The escape probability falls off rapidly with increasing active volume and its
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importance becomes less at higher photon energies. The material has a bandgap of 
1.47eV, a density of 6.06g.cm"3 and requires 4.43eV of energy to create one electron-hole 
pair on average.
Growth
Early growth experiments involved closed systems such as Stockbarger or modified 
Bridgeman methods. These were found to be successful at producing CdTe of detector 
grade purity and performance. Later, zone refining techniques were developed, and doping 
with chlorine or indium was found to give crystals of high resistivity. Chlorine doped 
samples gave rise to strong polarization though, and much work on reducing polarization 
effects has been conducted.
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Figure 2.3 Am-241 Spectrum Obtained with 0.1mm Thick CdTe Detector
IPabrowski 1978]
Detectors are fabricated by cutting slices from the CdTe ingots. The slices are first 
lapped and polished and then cleaned both chemically and mechanically. Bromine in 
ethanol is very often used as the etchant. Typical detector thicknesses range up to 2mm, 
[Sakai 1982]. Good spectrometry detectors have been obtained with crystals of medium 
resistivity, (104 to 105 Ct.cm), and low resistivity (<103 £2.cm).
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With high resistivity material, contacts are made by evaporating aluminium onto the 
desired surfaces. For low resistivity samples, indium is first used as the back contact with 
a spot of gold being evaporated on as the front contact. Leakage currents have been found 
to lie between 10‘7 and 10'9 Amps. No real progress has been reported with this particular 
material since 1973, but a small number of commercial detectors have become available.
2.2.2 Gallium Arsenide (GaAs)
Gallium arsenide belongs to the III-V group of compounds. Gallium and arsenic have 
atomic numbers of 31 and 33 respectively. Gallium arsenide semi-conductor was 
considered to be suitable material for room-temperature operated gamma-ray spectrometers 
since its bandgap, (1.4eV), is greater than that of both silicon, (1.1 leV), and germanium, 
(0.67eV). The material has a density of 5.36g.cm'3, and between 4.2 and 4.5eV of energy 
is required to produce each electron-hole pair. The atoms within the GaAs crystal lattice 
are arranged in the ZnO or Wurtzite arrangement, as illustrated in figure 2.4 below.
19581
Growth
At the present time, epitaxial growth from the liquid phase (LPE), [Kobayashi 1976], or 
vapour phase (VPE) are the only techniques available for the production of gallium 
arsenide crystals with low concentrations of electrically active impurities. Layer 
thicknesses are limited to about 200gm although layers grown via liquid phase epitaxy 
have been grown with lower purity up to a thickness of 2mm. The substrates for the
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layers are usually doped n+ or are semi-insulating. An anomalous discontinuity in the 
net carrier concentration at the interface between the epitaxial and substrate layers usually 
degrades detector performance. To obtain a good gamma-ray detector, crystal thickness 
should be more than 80pm and the carrier concentration in the grown layer should be 1012 
to 1013 per cubic centimetre. Typical leakage currents obtained with gallium arsenide 
material are in the range 10'7 to 10'6 Amps.
500 ' 800 850
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Figure 2.5 Spectra Obtained with GaAs Radiation Detectors 
[Eberhardt 1970]
Development of gallium arsenide as a radiation detector has not really progressed since the 
middle of the 1970s, though it was the first compound semi-conductor material to exhibit 
reasonably good energy resolution at room temperature.
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There is currently wide-spread interest in gallium arsenide as a potential faster replacement 
for silicon devices in computers, and further development of this material may ensue to the 
eventual benefit of improved radiation detectors.
2.2.3 Diamond
Diamond is composed of carbon atoms bound together in the tetrahedral structure. It has a 
very low atomic number of 6 and therefore its detection efficiency for gamma-ray 
absorption is low when compared with other detector types.
About 4 tons of natural diamond is produced each year going into jewellery and industrial 
applications, [Kozlov 1975]. Industrial diamonds are insulating, having a bandgap of 
5.4eV. Resistivity values for diamond vary from about 1013 to 1018 £2. cm, [Kozlov 1974]. 
Electric fields up to 106 Volts.cm'1 can be applied before electrical breakdown sets in. At 
300K the charge earner mobilities are high with reported values of 2000 and 1500 cm2/V.s 
for electrons and holes respectively. The maximum drift velocity is 10cm.s'1 at 
lOWolts.cm'1 for both carrier types with carrier lifetimes limited to 10'8to ICT9 seconds.
C H A N N E L  N U M B E R
Figure 2.6 Am-241 Spectra with a Diamond Detector at Various Bias 
Settings [Kozlov 19741
Charge polarization was initially a big problem with detectors fabricated from diamond, 
although a lot of work has been put into this area over the last few years. Because of its 
much larger bandgap, diamond may be employed at much higher temperatures than other 
materials. Other interesting characteristics include its non-sensitivity to corrosive media,
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its inherent low noise level, its ability to withstand high current density and its low 
radiation damage sensitivity.
In addition to their tissue equivalence for dosimetry applications, the main advantage of 
diamond detectors is their very low leakage current which is typically less than 1 O'12Amps 
up to several hundred volts. In low energy electron spectroscopy the very low leakage 
current of detectors fabricated from diamond considerably reduces the noise level, which is 
only limited by that of the preamplifier. Silicon detectors, operated at room temperature, 
have a noise level that is far too high for this application, [Kozlov 1975].
Figure 2.7 Part of a Conversion Electron Spectrum Obtained with a Diamond 
Radiation Detector [Kozlov 19741
2.2.4 Mercuric Iodide ('HgL!
Mercury and iodine have atomic numbers of 80 and 53 respectively, making mercuric 
iodide one of the highest Z compounds investigated for use as a room-temperature 
operated semi-conductor radiation detector. It has a wide bandgap of 2.13eV, making it 
more of a semi-insulator than a semi-conductor. Tliis material has an exceptionally low 
leakage current, (<5xlO'12 Amps is typical), at room temperature. Mercuric iodide is 
trimorphic having orange, yellow and red forms. The red fonn, (a-HgL,), is stable at 
room temperature but undergoes a destructive phase change at 127°C to the yellow 
orthorhombic fonn, (P-HgL). This sets an upper temperature limit for operation.
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Mercuric iodide has a tetragonal unit cell, as illustrated in figure 2.8 below, where 
a=4.357AU and c=12.36AU. Mercuric iodide may be thought of as a deficit tetrahedral 
structure: each mercury atom is bound to four iodine atoms, whereas each iodine atom 
only displays two bonds. The compound has a layered structure, the layers corresponding 
to easy cleavage planes normal to the [001] direction.
Mercuric iodide has been extensively investigated since 1972 as a promising detector 
material, [Willig 1972]. Due to the large photoelectric cross-section for mercury (Z=80), 
low energy y-ray interaction probabilities are as much as 100 times larger than those of 
germanium for example. Since 85% of lOOkeV photons are absorbed within 1mm, 
detectors fabricated from mercuric iodide hold substantial promise for detection of 
low-energy X- and y-ray radiation. The wide bandgap allows mercuric iodide to be 
operated at room temperature without excessive thermally generated noise, [Knoll 1989c].
Figure 2.8 Tetragonal Unit Cell of Alpha- 
Mercuric Iodide [Ponpon 19751
Until recently, the growth of mercuric iodide has been limited to thicknesses not much 
greater than 10mm, and active volumes of up to 103mm3. Furthermore, the material seems 
to be characterised by an inherently low mobility-lifetime product for holes, (2xlO'6cm2/V), 
compared with that for electrons, (Ixl0'4cm2/V). Therefore, even if large detectors can be 
produced, it will be very difficult to obtain complete charge collection. Higher energy 
applications await the development of larger crystals with good charge collection
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properties, and the solution of some polarisation problems.
The current methods used for the growth of mercuric iodide are discussed in the next 
chapter together with previous applications of this material in the field of radiation 
detection.
2.2.5 Indium Antimonide (InSb)
The HI-V semi-conductor InSb has the potential for being a superior y-ray detector, 
[McHarris 1986], The atomic number of its constituents, (indium has an atomic 
number of 49, and antimony has an atomic number of 51), compare with those of 
cadmium telluride and it has excellent charge transport properties. Unfortunately indium 
antimonide has a much smaller bandgap, (0.17eV compared to 1.44 eV for cadmium 
telluride). It has the ZnS lattice structure with a lattice constant of 6.48AU.
The atomic number of its constituents, and the value of its density, (5.79g/cm3), and 
bandgap give indium antimonide potential advantages over germanium. But its properties 
are not yet well known, and in fact various reference sources give different values for the 
physical and electrical properties of this material.
Growth
The most successful method for growing crystals of indium antimonide has been that of 
zone-refining. This technique has now been developed to the point where 'intrinsic quality' 
InSb is becoming commercially available.
The properties of this material have been compared with those of a few radiation detectors 
capable of operating at room temperature, (e.g. cadmium telluride and mercuric iodide).
But according to Miller, [Miller 1972], a material must have a bandgap of at least 1.4eV 
for it to have a sufficiently low leakage current to even be considered for operation at 
room temperature. InSb has a bandgap of 0.17eV, which is even lower than that of
germanium, so it is very doubtful whether this material will be able to operate as a room
/
temperature radiation detector. Another reference, [Suzuki 1989], states that of the three 
indium compounds, InP, InAs and InSb, only indium phosphide (InP) has a large enough 
bandgap to be capable of operating at room temperature.
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2.2.6 Indium Phosphide (InP)
High purity indium phosphide layers can be grown via liquid-phase epitaxy, [Suzuki 
1989]. The layers are deposited onto sulphur doped InP wafers. A p-n junction is formed 
by diffusing zinc into one of the layers. Indium phosphide diodes developed and tested by 
Suzuki et al have been used for detection of a-particles and have yielded resolution figures 
of 10% (fwhm) at 2.2MeV. The material also shows promise in the detection of 
low-energy X-rays, and resolution figures of 55% at 59.6keV have been obtained. The 
charge collection efficiency of these devices has been calculated to be 76% at 59.6keV.
a) b)
Figure 2.9 Pulse Height Response of an InP Photodiode to (a) 60keV photons and (b) 
2,2MeV Alnha-Particles [Suzuki 19891
2.2.7 Gallium Selenide (GaSe)
Very little research has been canied out to evaluate the applicability of gallium selenide 
to room temperature radiation detection, A paper by Nakatani et al, [Nakatani 1989], 
quotes only two other papers as having studied this material for radiation detection. The 
expected advantages of this material include simple fabrication, low cost of production and 
use at high temperatures. The constituent parts of this compound detector, Ga and Se, 
have atomic numbers of 31 and 34 respectively, and its density is 4.55g.cm'3. Its bandgap 
is 2.03eV, and the average energy required to create one electron-hole pair is about 4.2eV, 
compared to a value of 6.3eV obtained from applying Klein's formula, [Klein 1968]. 
Resistivities for devices fabricated from this material vary between 103 and 109 £2.cm. The 
charge mobilities for electrons and holes have been found to be 60 and 25 cm2.V'1.s'1 
respectively.
Growth
To produce crystals of the desired purity and crystallinity the following method is used.
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Selenium grains and then gallium grains are dropped into a clean quartz ampoule. This is 
then evacuated, sealed and placed in a furnace. The temperature of the furnace is then 
raised at a rate of 1°C per minute to a temperature of 600°C and kept there for 24 hours.
The temperature is then increased to 1000°C at the same rate and is then kept there for 24 
hours. Following this step, the furnace is then gradually returned to room temperature at 
the rate of 5°C per hour. Using this method, crystals of mass 20g, length 25mm and 
diameter of 15mm have been produced.
Ag-GaSe-Sn Radiation Detector fNakatani 19891
The crystals can then be cleaved using a razor blade and metals may then be evaporated 
onto the surfaces to provide electrodes. Thin gold wires are then attached to the electrodes 
using silver paste. Nakatani et al have used various metals for the electrode material. 
Silver, gold, aluminium and tin have been used. The best spectral results though were 
obtained with a GaSe crystal having one silver and one tin electrode. These detectors have 
yielded energy resolution figures of 4.6% for 5.5MeV a-particles, [Nakatani 1989]. Figure 
2 .1 0  shows a-spectra obtained with such a detector.
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2 .2.8 Lead Iodide (PbLJ
Lead iodide has been considered for use as a room temperature radiation detector for the 
same reasons as mercuric iodide. It has a high effective atomic number, its constituent 
parts lead and iodine having atomic numbers of 82 and 53 respectively. It has a bandgap 
of 2.3OeV and a density of 6.20g.cm'3. Two physical properties make it more attractive 
than mercuric iodide: it has a much lower vapour pressure, giving better temperature 
stability and it does not undergo a destructive phase change between room temperature and 
its melting point, (405°C), [Lund 1989]. Lead iodide is a layer compound having the 
hexagonal Brucite structure, [Manfredotti 1977].
Energy (keV)
Figure 2.11 X-rav Spectra Obtained with PbL Detectors 
fLund 19891
Growth
Commercially available lead iodide detectors are fabricated from melt grown crystals. At 
the end of a typical growth run the ampoule may contain a solid transparent boule of lead 
iodide. One end is usually polycrystalline and impure whereas the other end of the crystal 
is almost entirely monocrystalline. Crystals may be cleaved along the c-axis to produce 
platelets about 0.1mm thick. These are then etched in 20% potassium iodide solution, 
washed in deionised water and then allowed to air-dry. Contacts are made using carbon 
suspension or evaporated gold. Fine palladium wires are than attached and the whole 
device is fixed to a ceramic substrate.
Devices fabricated from lead iodide have given energy resolution figures of 915eV at
2 8
5.9keV, [Lund 1989]. Mobility-lifetime products of 10'7 to 10'8 cnri.V'1 have been 
measured for both the electrons and holes, [Manfredotti 1977].
2.2.9 Cadmium Selenide (CdSe)
Cadmium selenide has often appeared on lists for prospective room temperature radiation 
detectors. However, the interest in this material has declined due to difficulties 
encountered in producing reasonably large, good quality crystals, [Roth 1989].
The bandgap of this particular material is 1.73eV, which is between that of mercuric 
iodide and cadmium telluride. It crystallises into the hexagonal Wurtzite structure with 
lattice constants of 4.30AU and 7.01AU. It has a relatively high density of 5.8g.cm‘3.
The crystal is closely packed and this contributes to the relatively high linear attenuation 
coefficient for photoelectric absorption at lOOkeV, (which is comparable to that of 
cadmium telluride despite the lower effective atomic number). The main deficiency of the 
material as far as radiation detection is concerned is the low mobility of the charge 
carriers.
Growth
Most of the work on crystal growth of cadmium selenide has involved closed systems such 
as the Piper-Polich method in which crystals are grown from the vapour phase. Vapour 
grown crystals of this material are usually found to be n-type, due to a selenium
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deficiency, with low resistivity values of between 1 and 10 Q.cm. Higher resistivity 
devices have been obtained by annealing low resistivity crystals in Se2 vapour. This step 
converts the semi-conductor material to a near intrinsic one with a resistivity up to 1012 
A  cm. This stage however, is found to reduce the mobility of the charge carriers.
The crystals are cleaved along their [1210] plane, and are thinned down by 
mechanochemical lapping and polishing, using a 3% bromine in methanol solution. The 
last stage in the fabrication process is that of etching. A 5-10% bromine in methanol 
solution is used for etching, and results in slices between 0.2 and 1.0 mm thick being 
produced. Figure 2.12 illustrates the modest energy resolution obtained at 6 and 60keV 
with CdSe radiation detectors,
2.2.10 Silicon (Si)
Silicon has the lowest W-value of all materials so far mentioned. This implies that 
radiation detectors fabricated from this material will give a greater output pulse for a given 
absorbed radiation energy. Thus, the statistics of counting should be improved upon 
resulting in a device with lower ultimate energy resolution. Silicon has excellent charge 
transport properties, the electron mobility being 1900cm2/V/s and the hole mobility being 
500cm2/V/s, so charge collection should be very good. Silicon has a lower atomic 
number and density than other materials considered in this chapter and will therefore have 
a lower photoelectric cross-section, (about fifty times lower than in germanium for 
example). As a result, the gamma-ray efficiency is very low so silicon is not really 
suitable for high energy gamma-ray spectroscopy. However, for low energy X-ray 
detection, the probability for photoelectric absorption can be reasonably high.
The most common device fabricated from silicon has been the lithium drifted silicon 
detector. Migration of the dopant impurities is usually slow enough in Si(Li) to allow the 
material to be stored at room temperature, unlike Ge(Li) detectors which have to be 
constantly held at 77K to reduce drifting of the dopant atoms; however, in order to reduce 
the leakage current this particular material has to be cooled down to liquid nitrogen 
temperatures.
Over the last ten years substantial advances have been made in the quality of silicon 
diodes for radiation detection which avoid the need for lithium drifting. When operated
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under conditions of reverse bias, the resistivity of such devices is so high that room 
temperature leakage currents of a few nanoamperes have been observed at bias values up 
to 100V.
Fabrication
One method for producing silicon diodes of the quality required for radiation detection 
involves exposing one side of a p-type silicon ciystal to a steady vapour of n-type 
impurities such as phosphorus. The exposed surface region then changes from being 
p-type to n-type. Some distance away from the surface a junction is produced where the 
concentration of the p and n-type impurities is reversed. This growth method introduces a 
dead layer into the material because the depletion region extends into the p-type side of 
the device. Incident radiation must pass through this layer in order to reach the active 
volume of the detector. This becomes a problem with low-energy photons or for charged 
particles which may lose part of their energy in passing through this region.
Ion implantation is an alternative method for introducing dopant impurities into a device. 
The crystal surface is exposed to a beam of ions produced from an accelerator. At a fixed 
accelerator voltage, the ions are monoenergetic and have a well defined range in the 
crystal. By changing the energy of the incident ions the concentration profile can be 
controlled. This technique has produced the modem low leakage devices which are 
produced commercially as photodiodes.
Application
Silicon photodiodes have been operated at room temperature for the detection of X-rays, 
y-rays and charged particles. Figure 2.13 illustrates a pulse height spectrum for an 241 Am 
source. The energy resolution at 26.5keV and at 59.54keV was found to be 1.8keV in 
both cases at room temperature [Yamamoto 1989],
Yamamoto el at also used the photodiodes to detect a-particles and P-rays. Energy 
resolution of 12keV was observed for the 241Am a-particle peak, shown in figure 2.14. 
Spectra obtained from p-p article sources indicate detection efficiencies of 85% (for 12C) 
and 37% (for 3H).
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rYamamoto 19891
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Figure 2.14 Spectrum from Am-241 Alpha-P articles 
fYamamoto 1989]
2.3 Availability of Detector Material
A review of catalogues from suppliers of radiation detectors in the UK has shown that for 
X- and y-ray spectroscopy, devices fabricated from germanium and silicon still dominate 
the market. The larger suppliers (such as Canberra-Packard and EG&G), only supply 
these two materials, whereas smaller suppliers (such as John Caunt Scientific) have 
cadmium telluride and mercuric iodide devices available [Boggiano 1993]. Table 2.2
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illustrates the current state of the market for these devices.
As far as portable monitoring equipment is concerned, where spectroscopic information is 
not required, the market is dominated by devices utilising Nal(Tl) and GM tubes. These 
offer excellent detection efficiencies over a wide range of energies and are relatively 
cheap.
Device Recommended Crystal Size FWHM (%) Cost
Energy Range
A(cm2) d(mm) 6keV lOOkeV >100keV (£)
Si(Li) <30keV 2.7
Ge
ULEa
Planar
Coaxial
0.3 - 300keV 0.3 5.0 2.5
3.0
0.55
0.50
0.80 0.14d
6k
10k
NaI(Tl)
LEb
3x3°
55.0
1 2 .0 7.50° 1.5k
CdTe 6 - 350keV 0.1-1.0 0.5-3.0 25.0 3.5 600
HgL 2 - 60keV 0.1-1.0 0.3-0.5 13.3 "Poor" lk
Table 2.2 Current Availability of Radiation Detectors
Notes:
Ciystal sizes - typical values are quoted where A = active area and d = detector thickness.
a) ULE = Ultra-Low Energy - incorporates a 0.4pm polymer window compared with a
typical 0.5mm beryllium window.
b) LE = Low Energy - Nal(Tl) scintillation detector incorporating a 0.13m beryllium
window and 2.5cm diameter by 1mm thick Nal(Tl) crystal.
c) 3x3 = standard 3inch by 3inch Nal(Tl) scintillation detector.
d) Energy Resolution measured at 1.332MeV.
e) Energy resolution measured at 662keV.
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Recent communication with EG&G Instruments has indicated that the company are 
looking into the possibility of developing the capability to grow mercuric iodide crystals.
If this happens, it would probably be a few years before devices become available [Bly 
1993]. Research work has been carried out by the EG&G Measurements Division, Santa 
Barbara, California. This has been totally funded by the U.S. Government's Department of 
Energy and none of the material produced is commercially available [Bly 1993].
2.4 Discussion
This chapter has presented spectra previously reported for various room temperature 
operated radiation detector materials. Methods of producing crystals and fabricating 
detectors have also been briefly discussed. Cadmium telluride was intensively studied in 
the mid to late 1970's but little work has been published over the last few years. Energy 
resolution figures of 1.7keV at 60keV and 8.5keV at 662keV have been reported for this 
particular material indicating its potential as an X- and y-ray detector. Devices have 
become commercially available from several distributors such as John Caunt Scientific, 
Eynsham, UK, and Radiation Monitoring Devices Incorporated of Boston, USA.
Research into the use of gallium arsenide as a radiation detector also declined in the mid 
1970's, but with current interest in finding a faster replacement for silicon in computers, 
this material may well be the subject of further research over the next decade. It certainly 
has excellent charge transport properties compared with mercuric iodide and cadmium 
telluride.
A Russian research group headed by S.F.Kozlov conducted a lot of research work on the 
use of diamond for radiation detection. The material holds substantial promise having a 
very large bandgap resulting in a very low leakage current. Diamond detectors are 
extremely inert and are able to work in environments where other materials would be of 
little use such as with corrosive media and in high temperatures. Resolution figures of 
120keV at 5.5MeV (a-particles), and 8.5keV at 482keV (conversion electrons) have been 
reported. No work has been reported concerning the application of diamond in radiation 
detection since the series of papers by Kozlov and his co-workers. One of the main 
problems associated with this material is undoubtedly its cost. Silicon photodiodes can be 
produced and sold for a few pounds and give much better resolution for 5.5MeV a- 
particles for example. The cost of diamond is several orders of magnitude greater so
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unless the application puts stringent demands on the detector in terms of stability over a 
wide temperature range and resistance to chemical attack diamond can not really be 
considered for everyday use, although its tissue equivalence makes it useful for dosimetry 
purposes.
Indium antimonide has been suggested as a possible radiation detector material. McHarris 
compared its properties with those of silicon, mercuric iodide and cadmium telluride, 
indicating that he expects it to operate at room temperature. But, the veiy small bandgap 
of the material, 0.17eV, must surely exclude it from this function.
Silicon photodiodes have been shown to be excellent detectors for low energy X-rays and 
also for a- and P-particles. The material has excellent charge transport properties and 
when operated under reverse bias can give a leakage current low enough for room 
temperature operation to be practical. In some applications, such as those where superior 
energy resolution is required, cooling of the silicon is still necessary. The major limitation 
of the material is its detection efficiency for high energy y-rays. Due to the fact that 
silicon has a low atomic number and density, the photoelectric cross-section is very low 
compared to the other materials considered in this chapter. Silicon has been used in 
conjunction with CsI(Tl) at Surrey University to detect y-rays with energies up to 
2754keV [Rayner 1992]. Energy resolution figures obtained at Surrey University with this 
combination have been reported as 7.7% at 662keV [Gooda 1988]. This compares well 
with commercially available devices which are quoted as having energy resolution figures 
of between 6 and 10% at 662keV [Boggiano 1993].
Mercuric iodide appears to be one of the most promising materials for room temperature 
radiation detection. It has one of the highest atomic number combinations of any 
semiconductor compound. The material has a relatively high photoelectric cross-section 
for high energy y-rays and due to its inherently low leakage current should also be able to 
produce well resolved spectra from low energy X-ray sources. Table 2.3 compares various 
physical and electrical properties of the radiation detector materials considered in this 
chapter. Germanium has been included for comparison.
As can be seen from table 2.3, the transport properties of germanium are far superior to 
those of cadmium telluride, mercuric iodide and silicon. It also has a lower W-value,
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resulting in more electron-hole pairs being produced per unit photon energy. This, 
combined with the transport properties, will result in better counting statistics for 
germanium. The drawbacks for detectors fabricated from germanium include its much 
lower bandgap, which restricts this material to operation at reduced temperature. The 
lower atomic number of germanium, compared with cadmium telluride and mercuric 
iodide, results in a lower probability of photoelectric interaction for the material. Because 
of the high photoelectric cross-section of mercury, (Z=80), low energy gamma-ray 
interaction probabilities are as much as a factor of 50 times those of germanium. With its 
large bandgap, mercuric iodide can be operated at room temperature thus reducing the cost 
of maintenance and also resulting in greater portability of the detector. Thus, mercuric 
iodide appears to be a potential alternative to germanium provided problems with transport 
properties are overcome.
Table 2.2 illustrates that mercuric iodide and cadmium detectors can be obtained at about 
one-tenth of the cost of a germanium or Si(Li) detector. Maintenance costs for CdTe and 
HgL, are practically zero, whereas germanium and Si(Li) detectors need to be maintained 
at reduced temperature using liquid nitrogen. So if reasonable energy resolution is 
required on a small budget, CdTe and HgC offer an alternative choice to the standard Ge 
and Si(Li) devices.
Mercuric iodide has been extensively researched, mainly by workers at the Hebrew 
University in Jerusalem, and also at the University of Southern California. Although the 
material has veiy poor charge transport properties, improvements in handling the 
information generated by these detectors has brought them to the forefront of technology 
in this area. A simple method of growth has been reported by Faile et al, [Faile 1980], 
and this is discussed in the following chapter together with other growth methods and 
applications.
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CHAPTER 3 PREVIOUS RESEARCH WORK WITH MERCURIC IODIDE
3.1. Mercuric Iodide Crystal Growth
Having considered the principles behind semi-conductor radiation detectors in the previous 
two chapters, methods currently used to grow mercuric iodide crystals of the required 
quality will now be discussed. Table 3.1 below gives a brief summary of the various 
methods which have been used to produce mercuric iodide crystals.
Table 3.1 Methods used for Growing HgL TSchieber 19831
1. BULK 
Vapour Transport
i) Temperature oscillation method
ii) Pulling from the vapour phase
iii) Forced flux method
Seeded solution 
i) From iodomercurate or DMSO complexes
2. PLATELET 
Vapour Transport
i) With polyethylene
ii) Without polyethylene
3.1.1 Temperature Oscillation Method (TOM)
Mercuric iodide crystals grown from the vapour phase have been found to be better 
radiation detectors than those grown from solution, [Schieber 1983]. The most successful 
method used for the growth of very large crystals from the vapour phase is based upon 
the temperature oscillation method (TOM).
TOM alternates between growth and re-evaporation cycles, allows individual crystallites to 
be selected, and enables defect layers to be removed during the process of re-evaporation. 
TOM can be applied via:
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i) POST - periodic oscillation of the source temperature (Ts) with the crystal 
temperature (T0) constant, or
ii) POCT - periodic oscillation of the crystal temperature with the source temperature 
constant.
Stable growth conditions are found to exist with temperature gradients normal to the 
solid:vapour interface, and growth by TOM can be carried out in either horizontal or 
vertical furnace arrangements.
i) Horizontal Furnace
A two-zone horizontal furnace has an axial temperature gradient where the source 
temperature is oscillated so that Tg>T0>Tgl, (POST) where:
Tg = initial source temperature
Tc = crystal temperature
Tsl = source temperature following oscillation
l
O&cMating Source 
Zone Temperature Controller
C ry s ta l Zone Temperature 
Controller
Figure 3.1 A Two-Zone Horizontal Furnace Operating with the POST Method
TSchieber 19761
Typically, Tc «  103°C. ATg and AT0 defined as (Tgl - T0) and (T0 - Ts2) respectively, vary 
between 1 and 10°C. xg, the growth period, is approximately 20 minutes, and xg/x0 is 
approximately 3.3, where xeis the re-evaporation time.
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To start a cycle, ATg is chosen so that not more than 10 crystal nuclei form. If ATg is too 
large, an excess of crystallites nucleate. Using TOM it is possible to selectively evaporate 
all but one of the nucleated crystallites by careful adjustment of the growth parameters.
The sole remaining crystallite can then be allowed to grow by gradually increasing the 
growth period whilst reducing the re-evaporation period.
ii) Vertical Furnace
As shown in figure 3.2, an axial temperature gradient over the ampoule height is 
controlled by a single vertical heater which determines Ts.
rSchieber 19761
The controls are switched to the POCT mode and air flow and time periods are selected in 
order to provide favourable nucleation conditions. Following the nucleation of several 
seeds, the controls can then be readjusted so that one single crystallite can be selected and 
allowed to grow. Once a single crystallite has survived a TOM cycle, further growth
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continues in either the POST or POCT modes.
For POST: T, 110°C For POCT: T, « 115°C
ATg and ATe «  3°C ATg »  3°C and ATe »  8°C
»  3 minutes «  2 minutes
The size, shape and performance of the crystals produced is found to depend upon the 
growth method used. The horizontal furnace for example, provides a larger percentage of 
good crystals, ( | i t > 1 x 1 0 ' 6 for holes), whereas the vertical furnace produces larger crystals.
3.1.2 Pulling from the Vapour Phase
A second method for growing mercuric iodide crystals is that of pulling from the vapour 
phase, which is a variation of the Piper-Polich method used to grow CdS crystals. This 
method was originally used by EG&G for the growth of mercuric iodide before they 
switched to the TOM. The vapour pulling method has the disadvantage of constrained 
growth of the single crystal within the sample holder whereas the TOM allows free 
growth, [Schieber 1983].
3.1.3 Forced Flux Method
The forced flux method, used for growing Hgl2 monocrystals in a closed tube, is based 
upon the independent control of both the transport and kinetic parameters, [Omaly 1983].
A three-zone furnace is utilised in which the source is placed in a closed pyrex tube at one 
end of a horizontal furnace at a temperature Ts. Growth of the crystal takes place at the 
middle of the tube at a temperature Tc. The lowest temperature of the system is T; which 
acts as a sink. i.e. Ts >T0 >Tt. Therefore, evaporated molecules of mercuric iodide are 
deposited partly on the crystal and partly at the sink. The name forced flux derives from 
the fact that the transported molecules are forced to pass through the crystallization zone 
on their way to the sink.
Omaly et al used a horizontal tube of length 150mm and internal diameter 15mm, with a 
temperature profile along its length as shown in figure 3.3. HgL, of mass 9.68g was placed 
in one end of the tube. The initial production of mercuric iodide crystals from the forced 
flux method yielded crystals of mass about lOg but, according to Omaly et al, it is
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possible to grow even larger crystals in this manner with appropriate selection of the 
growth conditions.
Figure 3.3 Temperature Profile used in Forced Flux Method 
T Omo.Lj 19831
3.1.4 Growth of Hgl2 from DMSO Complexes
Seeded solution growth of mercuric iodide from DMSO solutions has been perfected 
[Nicolau 1980], Dimethylsulfoxide is found to be an effective solvent for the solution 
growth of large mercuric iodide crystals; however, the solution grown crystals did not 
perform as well as those from the vapour phase [Carlston 1976], However, acceptable 
detection properties have been obtained from these crystals when thin sections, <10gm, 
were used at low X-ray energies.
Two methods of Hgl2 growth from DMSO solution have been reported:
i) slow cooling of a saturated solution of HgL in a 1:9 ratio DMSO:xylene 
solvent
ii) slow hydration of a concentrated solution of Hgl2 in pure DMSO.
i) Growth from DMSO:xvlene
In order to use smaller amounts of purified Hgl2, DMSO can be diluted with xylene in a 
1:9 ratio. The mixture is then dissolved in a closed vessel and maintained at a temperature 
of 80°C for several hours. Slow cooling then follows in steps of 2-3°C per day. Growth 
was found to occur at the base of the containment vessel, with a few nuclei developing 
into crystals of a few mm2 cross-section.
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ii) Hydration of DMSO
Large HgL crystals were found to grow from slow hydration of concentrated solutions of 
HgL in DMSO. Hydration occurs by water absorption, reducing the solubility of the HgL, 
in the DMSO with the result that excess HgL crystallises out as single crystals. Compared 
to the small crystals grown from DMSO:xylene, those grown by hydration have had areas 
up to a few square centimetres, [Carlston 1976].
Crystals grown from DMSO solutions are characterised by a lower percentage of native 
defects and larger size, but have a greater impurity level compared with material grown 
from the vapour phase, [Schieber 1983].
3.1.5 Platelet Growth
A simple method of growing mercuric iodide from the vapour phase has been reported, 
[Faile 1980], and is briefly discussed in this section. The low temperature red form of 
mercuric iodide has been grown by the chemical transport method which introduces 
monomers or polymers during the growth process. Faile et al reported a gaseous transport 
method involving the use of an organic polymer in amounts of approximately 1% by 
weight as the transporting agent. The polymer is thought to participate in some chemical 
vapour transport in addition to the physical vapour transport during the growth of HgL-
HgL, (99.9% pure), is sealed in an evacuated fused quartz ampoule with 1% by weight of 
styrene or polystyrene. The quartz tube must be cleaned prior to the addition of HgL 
using nitric acid, distilled water and finally acetone. The capsule, internal diameter 22mm 
and length 210mm, is pumped out before admitting argon of high purity grade. If liquid 
styrene is used, this is pipetted onto the mercuric iodide powder in the tube. Polyethylene 
may also be used which, if free from finger prints and markings, does not require special 
cleaning. The tube is sealed off after removing the argon and part of the capsule is then 
cooled below 0°C to prevent loss of styrene vapour.
The mercuric iodide powder should be evaporated away from the future deposition zone 
by heating the tube in order to eliminate excessive nucleation sites. The HgL can then be 
moved to the source end of the tube by successively heating the various areas of the tube.
The source end of the quartz capsule was placed at 230°C in a horizontal furnace and the
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opposite end was left at room temperature. Circulation of air past the outer region of the 
capsule was reduced by packing a blanket material around the openings of the furnace.
Upon heating the capsule, most of the styrene in the powder vaporises with much of it 
condensing towards the cooler end. If polyethylene is used, much of it remains near to the 
hot end consolidating into a thick mass. Some of this material also reacts with the Hgl2, 
and some also vaporises. Hgl2 crystals form near to the transition temperature of 127°C 
which is normally positioned at the centre of the tube. If a high yield of wide platelets is 
required from a run with styrene, the source end should be heated near 150°C and the rest 
of the tube at 230°C for a few hours more. This procedure removes any crystals from the 
deposition zones and allows a more thorough reaction producing formation of some 
polyethylene at the source end. This slowly evaporates and apparently enhances the 
platelet growth. Following several gradient changes, the source end may be at 230°C and 
the opposite end at room temperature. According to Faile, this growth technique may 
yield a platelet of red Hgl2 at least 10mm wide and 200pm thick. Also, many other 
platelets will form in the growth vessel over a period of about two days with a few 
platelets exceeding a width of 10mm, (see figure 3.4).
Figure 3.4 Styrene Produced Hgl, Platelets Figure 3.5 Polyethylene Produced Platelets 
IFaile 19801 IFaile 19801
Figure 3.5 illustrates mercuric iodide crystals produced in such a procedure with 
polyethylene as a starting material. Following a run of 40 hours, 80% of the polymer still
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remained near the source end. Faile et al state that a longer run conducted with a 
narrower tube, (18mm internal diameter), and with 15g of HgL and 150mg of 
polystyrene, would yield larger and more numerous platelets.
Figure 3.6 Typical Temperature Profile used in Growth of HgL Platelets
[Burger 1982]
This method has several advantages including the speed of crystal growth and the fact that 
high purity starting material is not required. A series of tests were conducted to determine 
the role of polyethylene in platelet growth of mercuric iodide, [Burger 1982],
Polyethylene was found to improve stoichiometry of HgL and to improve its nuclear 
detector performance, although it was found not to be essential for platelet fonnation.
Platelets grown in the presence of polyethylene were found to be free from 
non-stoichiometric defects. Detectors fabricated from these crystals were found to give 
good energy resolution over a wide range of energies and showed no sign of polarisation, 
implying that the charge collection properties for both electrons and holes were good.
Platelets grown from unpurified mercuric iodide have yielded some of the best results 
obtained to date. A figure of 370eV (fwhm) for the 5.9keV Mn Ka X-ray line has been 
reported, [Barton 1983], Also, mobility-lifetime products of >10'3cm2/V and 5xlO'6cm2/V
A
TEMPERATURE (°C)
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for electrons and holes respectively have been measured for such platelets. The report by 
Barton et al concludes by stating that better control of the growth process would be 
desirable, and that additional work should be done to improve the yield of good quality 
platelets.
The existence of a new red a'-Hg^ phase has been reported, [Toubektsis 1985]. The new 
phase was found to occur in the transition from the yellow phase through to the red 
a-HgL, phase prior to melting. Toubektsis et al claim that single crystals of a'-HgL, can be 
produced of any desired volume, and these may then be transferred to the a-HgL, phase 
retaining their monocrystallinity.
3.2 Application of HgL, Detectors
Since its introduction, [Willig 1972], mercuric iodide has been widely investigated as a 
potential alternative to the present low energy X- and y-ray detectors. Even the presently 
reported performance figures open up many new applications where the small crystal 
dimensions are not a major disadvantage, e.g. in tomographic imaging systems, or 
industrial gauging and biomedical analysis by X-ray fluorescence. The absence of a bulky 
cryostat is helpful in these cases and also enables close-packed detector arrays to be 
achieved for imaging purposes. The current state of various applications of these devices 
will now be discussed briefly.
3.2.1 Use of HgL. as a Charged Particle Detector
The properties of mercuric iodide semi-conductor devices used as charged particle 
detectors W/kbeen investigated, [Becchetti 1983], For energetic Id+H, 3He, 4He ions, and 
for y-rays of energy less than 40MeV, an almost linear energy response has been observed 
with fwhm values between 5 and 15%. Although radiation damage in the detectors was 
observed with fast protons at fluences >lxl010 protons/cm2, little damage was observed 
for fast neutrons at fluences up to 1015neutrons/cm2. This suggests that mercuric iodide 
has considerably greater resistance to radiation damage than other detector materials such 
as silicon.
Therefore, HgL, may be used as a compact charged particle detector capable of operating 
at room temperature and in high radiation environments whilst providing good energy 
resolution.
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3.2.2 Use of Hgl> in Scintillation Spectroscopy
A mercuric iodide photodetector has been used to detect light photons from interactions in 
scintillation materials due to y-rays and a-particles. In conventional scintillation 
spectroscopy, light pulses are detected by a photomultiplier tube. In the case of mercuric 
iodide, these solid state photodetectors could be used to replace the more conventional 
photomultiplier/scintillator combination, [Twanczyk 1983].
The mercuric iodide system has several advantages over the more conventional PM tube. 
The great reduction in size of the detector will bring about changes in design and 
construction of present day instruments. For example, in positron emission tomography, a 
more compact detector arrangement will result in improved spatial resolution. The low 
power consumption of HgL photodetectors will also permit scintillation spectroscopy 
equipment to be battery operated.
Silicon photodiodes have been used for this purpose, [Gooda 1987], but the higher 
bandgap energy of mercuric iodide enables higher temperature operation to be achieved.
3.2.3 Use of HgL as a Dosemeter
Mercuric iodide may possibly form the basis of a new survey dosemeter having a tissue 
equivalent response, (despite its high atomic number constituents), within the energy range 
IkeV to IMeV ! [Manfredotti 1984].
Dosimetry, using solid-state detectors, is increasingly used at the present time mainly 
because of their good sensitivity, relative to gas-filled detectors, combined with their 
compact size. Sensitivities as low as 20pR/hour can easily be obtained with HgL which 
may also be made tissue equivalent. This, stated Manfredotti, would enable exposures as 
low as 10"2gR to be measured, which enables environmental radiation levels to be 
measured. Tissue-equivalent response can be achieved with mercuric iodide detectors by: 
(1) using thicker detectors; (2) filtering the incident y-radiation; (3) using an energy 
threshold.
3.2.4 Gamma-Snectroscopy with Thick HgL Detectors
y-ray spectra with energies up to 1.3MeV have been measured using 10mm thick HgL 
semi-conductors at room temperature, [Beyerle 1983], The use of thick mercuric iodide
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detectors for spectrometry revealed that with correct treatment, valuable spectroscopic 
information could be obtained.
3.2.5 Portable v-rav Counters Utilising HgL,
Thin radiation detectors fabricated from mercuric iodide have very low detection 
efficiencies at high energy whereas thick detectors suffer from very poor spectral 
resolution as a result of the low hole mobility associated with these devices. Spectral 
information is not always required, e.g. for portable survey monitoring. In this case it is 
an advantage if the survey meter is light, compact and only has low power requirements. 
Scintillation detectors, such as sodium iodide, can be bulky depending on the size of the 
scintillator crystal and the photomultiplier tube, and also require a high and stable power 
supply.
Portable y-ray counters, capable of operating at room temperature have been constructed 
from mercuric iodide crystals up to 15mm in thickness and 170mm2 active area, [Warren 
1983]. Most of these detectors gave almost no spectral resolution but could be operated 
with a field of lOOV/mm. Because mercuric iodide counters have low power 
requirements, this field could be produced by a portable package containing a 
rechargeable capacitor, and as larger crystals of HgL are developed, and charge collection 
properties are improved, even larger volume counters will become feasible.
Typical spectra observed from monoenergetic sources with these devices looked like an 
exponential decay curve with an end-point whose position was found to be linear with 
photon energy. Integrating beneath part of the curve would enable the dose rate to be 
calculated if the system had been calibrated using a standard reference source of known 
activity. Also, study of the end-point of the curve could lead to identification of the 
source of the photons.
3.2.6 Use of HgL in Medical Imaging
The applicability of mercuric iodide detectors for medical imaging puiposes has been 
investigated, [Shalev 1978]. The high detection efficiency coupled with good resolution 
suggest that these detectors may be able to play an important role in such systems.
Thin detectors are sufficient for low-energy y-radiation detection since the half-value
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thickness in Hgl2 is 0.05mm at 30keV and 0.14mm at 60keV. However, the half-value 
thickness is 11.3mm at 662keV and no detector, with the required performance at this 
energy, has yet been fabricated from mercuric iodide.
— e^ V V  + —
Inc
Figure 3.7 Proposed Arrangement of Hgl2 Detectors for 
High-Energy Radiation rWarren 19831
In order to approach high detection efficiencies at higher energies, the arrangement shown 
in figure 3.7 has been proposed. Irradiation through the thin edge presents thickness T to 
the incident photons, whilst good spatial resolution is obtained from the intrinsic width W 
of the detector. A bank of such detectors could be constructed for use in linear scanners 
or even computerised tomography.
3.2.7 In-vivo Mercuric Iodide Probes
Miniature mercuric iodide detectors have been produced for use in gamma radiation 
medical probes, [Caine 1978],
The main problems associated with radiation detectors in this field are:
i) the need to work at body temperature,
ii) the probe volume must be as small as possible,
iii) the probe needs to have as high a sensitivity to radiation as possible and,
iv) some sort of energy discrimination is required.
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Mercuric iodide has been shown to satisfy all of these requirements, and indeed, a small 
probe housed in a 16 gauge syringe needle has been produced. This probe has been able 
to resolve the 28 and 35keV photopeaks from I25I. Figure 3.8 illustrates a medical probe 
incorporating a mercuric iodide detector.
3.2.8 X-Rav Fluorescence Using HgL, Spectrometers
Analysis of material by X-ray fluorescence involves the measurement of characteristic 
X-rays induced by radiation from a radioisotope or an X-ray tube. In practical 
arrangements, X-rays of energy <30keV can be used in the analysis of a large number of 
elements.
Mercuric iodide has been investigated as a suitable detector for XRF analysis [Singh 
1980]. The high stopping power of HgL provides a detection efficiency suitable for 
detecting K- and L- X-rays over the entire elemental range. (With a detector of thickness 
500pm, detection efficiencies approaching 100% can be obtained).
As well as the characteristic X-ray peaks, XRF spectra also show escape and scatter peaks, 
and background in the form of a continuum. The background produced when using HgL 
was found to be comparable and in some instances even lower than that produced with Si 
or Ge detectors.
A miniature detector/preamplifier package has been developed for use as a portable 
elemental analyser and for use in space-borne experiments involving soft X-ray
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spectrometry, [Singh 1980],
3.3 Performance of HgL Detectors
One of the most important parameters of an X-ray spectrometer is its associated energy 
resolution. Energy resolution is normally expressed in terms of full-width at half 
maximum (fwhm) of a peak in the pulse height spectrum, and is usually quoted in terms of 
eV. The performance of mercuric iodide detectors is usually quoted by reference to the 
Mn Ka line at 5.9keV. Improvements of energy resolution, whilst avoiding the need for 
cryogenic cooling, has been the main goal in the development of mercuric iodide detectors.
3.3.1 Limitations in Energy Resolution
The energy resolution of HgL X-ray spectrometers, operating at room temperature and 
with low incident photon energies, is limited by several factors:
i) statistical spread in the number of electron-hole pairs produced by 
incoming mono-energetic photons,
ii) the electronic noise of the associated elements of the input stage of the 
preamplifier, including the detector itself,
iii) the trapping of charge carriers within the crystal,
iv) edge effects due to the finite dimensions of the detector,
v) polarisation effects.
Factors iii) to v) can be minimised by careful fabrication and selection of the HgL crystals, 
and also by proper design and operation of the spectrometer.
Polarization, defined as any time dependent change which occurs in the detector's 
performance, may be due to a high trap density within the crystal or poor detector 
fabrication, [Holzer 1980], Optimisation of the etch rate would be useful in reducing 
polarisation. If etching is too slow a chemical reaction takes place on the detector surface
and a large number of etch pits are produced. With rapid etching, the resultant detector
surface may become uneven and not smooth.
The degree to which statistical spread in the electron-hole pair number affects the energy 
peak width is usually expressed by the Fano factor, F. This is usually determined by 
experiment and, with the development of the material and associated electronics, has been
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reduced to a point at present where 165eV (fwhm) at 5.9keV appears to be the statistical 
spread in the charge carrier generation, [Dabrowski 1983].
3 3 2 Improving Energy Resolution
Table 3.2 illustrates the progress made in the improvement of energy resolution for 
mercuric iodide detectors. The reduction in the apparent Fano factor over the last few 
years is shown in table 3.3.
Detector 
Size Temp 
mm2 x mm
Preamplifier 
Input Stage FWHM (eV) 
@5.9keV
Year
FET Resistor
4x0.20 RT a RT d RT 850(750) 1974
4x0.35 RT b RT e RT 548(486) 1976
2x0.15 RT b RT e RT 490(420) 1978
7x0.30 RT b PC e RT 450(360) 1978
7x0.40 RT c RT e RT 380(300) 1979
4x0.40 RT c RT No 295(225) 1981
3x0.50 RT c 170K No 250(150) 1982
3x0.50 0°C c 170K No 200(150) 1982
Table 3.2 Improvement in Energy Resolution of HgL, Detectors rDabrowski 19831
Si(Li) performance for comparison:
30x4 77 c 130K No 145 1980
Notes:
The fwhm values refer to the observed energy resolution and the noise of the spectrometer 
system, the latter being the value quoted in brackets.
RT = room temperature, PC = Peltier cooled, a = standard, b = selected, 
c = decapsulated and selected FET, d = standard feedback resistors, 
e = selected feedback resistors, 'No' means that pulsed light feedback was used instead of 
resistor feedback.
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Electronic noise, represented by the pulser linewidth, has restricted the attained energy 
resolution figures over the development period. The difference between the noise 
linewidth and the energy resolution of the X-ray peak has been between 50 and XOOkeV 
for mercuric iodide detectors operated at room temperature although both figures have 
improved with the continuous development of the detector material and its associated 
electronics.
Apparent Fano Factor Year
0.51 1976
0.46 1978
0.27 1981
0.19 1982
Table 3.3 Reduction in Apparent Fano Factor of HgL [Ricker 19821
Results obtained with cryogenically cooled pre-amplifiers have indicated the potential 
advantages to be gained by lowering the noise in the system to state-of-the-art level. 
However, mercuric iodide detectors were intended for use as room temperature X-ray 
spectrometers, so means of reducing the noise other than by cryogenic cooling should be 
sought. Worthwhile improvements can be obtained by cooling with Peltier elements.
Also, noise levels exhibited by the field effect transistors currently employed in such 
detector systems are higher than those predicted, [Dabrowski 1983].
Careful selection of components for the input amplifier stage and cooling of the FET input 
have led to further improvements in the energy resolution of the HgL detectors. Mounting 
the FET on a low-noise ceramic substrate has yielded even better results.
Employment of a pulsed light feedback amplifier with both the detector and decapsulated 
input FET gave the best resolution figures recorded for HgL at room temperature up to 
1982. Cooling of the preamplifier circuit and/or the detector would improve matters even 
further if 'tme' room temperature operation was not a key factor in the required application 
of the detector.
An ultra-low noise, low power hybrid preamplifier has been developed in an effort to
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exploit the capabilities of mercuric iodide [Iwanczyk 1987], Results obtained with such a 
preamplifier have been similar to the best results obtained with full size component 
preamplifiers. Use of these low-power devices could ultimately lead to a truly portable 
system and would be very useful in high resolution mercuric iodide multi-detector and 
array systems. The width of the pulser peak measured at room temperature with this 
preamplifier was as low as 215eV. The energy spectrum presented by Iwanczyk et al 
shows an energy resolution of 250eV (fwhm) at 5.9keV with the detector at 0°C and the 
FET cooled to ~30°C.
Energy resolution figures of 380eV (fwhm) at 5.9keV have been reported for a mercuric 
iodide radiation detector operated at room temperature with pulsed-light feedback 
preamplifier unit measuring 3x2x0.7cm3 [Iwanczyk 1989]. The preamplifier resolution was 
quoted as 175eV (fwhm).
Recent research work has reported energy resolution figures of 250eV at 5.9keV with 
mercuric iodide detectors at room temperature, [Iwanczyk 1991]. This figure is the same 
as that reported in 1983, quoted in table 3.2. This indicates that further progress in energy 
resolution obtained with mercuric iodide devices at low X-ray energies is proving difficult. 
The growth of the crystals may well have reached a plateau where further reduction in 
impurity concentrations and trap levels is taking a considerable amount of time.
The following section illustrates typical spectra obtained using mercuric iodide detectors in 
various applications.
3.4 Typical Spectra Obtained with HgL, Detectors
Mercuric iodide has been shown to be useful as a detector of X- and y-rays. Spectra have 
been reported with full-energy peaks varying from a few keV up to 662keV (Cs-137). A 
sample of spectra showing how mercuric iodide detectors have been applied are presented 
in this section.
Figure 3.9 shows Cu-K and Mn-K X-ray spectra taken with one element of an HgL array 
system [Iwanczyk 1991]. The system was developed for synchrotron radiation research 
and included 25 detectors in an array. Each of the detectors exhibited energy resolution of 
between 250 and 300eV at 5.9keV. Input count rate capabilities exceeding 50000cps/
54
element were reported. Iwanczyk et al state that improvements in the electrical properties 
of the material and amplification system can be directly related to better energy resolution.
Array Detector jlwanczvk 1991]
Figures 3.10a-c illustrate spectra obtained from surgical probes incorporating Nal(Tl),
CdTe and HgL, radiation detectors. The energy resolution and efficiency of the probes was 
compared using a " mTc source [Barber 1991]. This particular isotope was chosen because 
it has a single y-ray line at 140.5keV and is also commonly used in nuclear medicine.
The Nal(Tl) probe consisted of a 1cm diameter by 1cm thick crystal covered with a 
reflective coating and housed in an aluminium tube. The CdTe device had an active area 
of 0.67cm x 0.67cm and thickness 0.17cm. The Hg]^  crystal had an active area of 0.77cm2 
and thickness 0.05cm.
In terms of energy resolution, mercuric iodide performed better than the other two devices. 
The mercuric iodide detector produced an asymmetric full-energy peak due to trapping 
effects within the device. The Nal(Tl) device produced a fairly broad full-energy peak, 
whereas the CdTe detector produced a full-energy peak with a considerable amount of 
'tailing' on the low-energy side. As far as detection efficiency was concerned, Nal(Tl) was
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an order of magnitude better than HgL, which itself was marginally better than CdTe.
a) b )
c )
Figure 3.10 Spectra from a) NaKTIL b) CdTe and c) HgL Probes with Tc-99m y-rav
Source IB arber 19911
Figure 3.11 shows a spectrum of characteristic x-rays from an old paint sample irradiated 
by an X-ray machine with an Ag anode. The spectrum shows clearly defined peaks from 
elements within the sample from Si through to Pb. The spectrum was recorded with the 
detector at -1°C. Dabrowski et al state that this was due to problems with trapping levels 
within the device. They expect similar resolution would have been achieved at room 
temperature with another device.
Finally, figure 3.12 illustrates a 137Cs spectrum obtained with a 1.7mm thick, 2.2cm2 area 
mercuric iodide detector at a bias of 2100Volts [Gerrish 1992], Gerrish states that the
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fwhm for the 6621ceV full-energy peak is 1.5% for this particular crystal.
Hfll-, Detector:
4 ma2 x 400 ua
U = 400 V 
T = -1DC
Preanpllfier:
Cryogenleally cooled
Pulse-light feedback
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Figure 3.11 Spectrum of Characteristic X-ravs 
from an Old Paint Sample rDabrowski 19831
Figure 3.12 Csl37 Spectrum from 1.7mm Thick. 2.2cm2 Area 
Mercuric Iodide Radiation Detector FGerrish 19921
The spectrum shown in figure 3.12 was obtained several days after the initial application 
of bias to the crystal. A gradual improvement was observed in energy resolution over a 
period of a few days after application of the detector bias. The improvement in energy
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resolution with time is thought to be due to the migration of charged point defects such as 
impurities and vacancies towards the surfaces of the crystal.
3.5 Discussion
Since its introduction by Willig in 1972, mercuric iodide has been widely investigated as a 
potential alternative to Si(Li), Ge(Li), or HpGe detectors for low energy X- and 
y-radiation. Its high atomic number constituents give it a very high photoelectric 
cross-section and hence a much higher detection efficiency for a particular detector 
thickness. Also, it has a wide bandgap energy which obviates the need for a bulky, 
expensive cryostat and a constant supply of liquid nitrogen coolant. Despite these 
advantages, these detectors have not yet entered widespread use due to difficulty in 
producing crystals of adequate purity and the energy resolution achieved has been 
somewhat disappointing.
A simple method for growing crystals of mercuric iodide crystals via the polymer assisted 
vapour transport technique has led to better resolution figures, and with further reduction 
in preamplifier noise an overall resolution approaching that of cooled Si(Li) detectors is in 
prospect.
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CHAPTER 4 COMPUTER SIMULATION OF MERCURIC IODIDE DETECTORS
4.1 Aims of the Computer Program
A mathematical model has been developed to enable the performance of room temperature 
operated semi-conductor radiation detectors to be predicted. The model has been 
incoiporated into two computer programs. The first program was written in 'BasicV', 
which was the most familiar computing language to the author at the time. This program 
included several oversimplifications of the relevant theory. For example, recoil electrons 
created within the detector were considered as being totally captured or lost - no allowance 
was made for partial energy transfer within the crystal. Also, it was assumed that 
characteristic X-rays produced, via photoelectric absorption within the detector, were fully 
absorbed. Once the program was completed and found to be running correctly, various 
parameters such as detector bias, detector thickness, incident photon energy and electronic 
noise were varied to establish their relationship to the overall performance of the detector 
in terms of detection efficiency and energy resolution.
At a later date, the first program was upgraded. It was rewritten in 'Fortran77' computer 
language in an effort to speed up calculations, and also to give the author experience in 
writing long programs in a different computing language. The rate of energy loss of the 
recoil electrons was incorporated into the program as was the possibility of characteristic 
X-rays escaping from the detector's sensitive volume.
4.2 Introduction
The program follows the chain of events from the photon passing into the crystal to the 
eventual charge collection and signal generation. Figure 4.1 shows the flow diagram used 
in the program design. The figure illustrates the various options at each stage of the 
process.
4.2.1 The Source
A well-collimated source was assumed, with the incident radiation falling perpendicularly 
onto the centre of the negative electrode of the detector as shown in figure 4.2. In 
mercuric iodide X-ray detectors, the majority of low energy incident photons are stopped 
just beneath the surface of the entrance electrode. Since the mobility of holes in this 
material is far inferior to that of electrons, charge collection is greatly improved if the
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Figure 4.1 Flow Diagram used in Program Design
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holes are collected as rapidly as possible by operating the entrance electrode as the 
cathode. The particular photon energies used may be selected by the user from a 
catalogue of radionuclide photon sources within the program. At present, the program 
allows any of the following sources to be selected: 3 Co, 134Cs, 137Cs or 241Am, with the 
decay schemes taken from the Nuclear Data Tables, [Wakat 1971].
Collimator
Incident Photon Beam
Radiation Source
Negative Electrode 
Detector
Fbeltlve Electrode
Figure 4.2 Source-Detector Alignment
4.2.2 The Interaction Mechanism
As detailed in many other reports, mercuric iodide detectors are practically limited to sizes 
of up to 1cm thick and to y-ray energies up to about IMeV due to their low hole mobility. 
Therefore, for the purpose of this model only the photoelectric and Compton interaction 
processes were considered. A series of equations were set up using data from the Nuclear 
Data Tables, [Storm 1970], to enable the linear attenuation coefficient, g, to be calculated 
for any of the selected detector materials at any given photon energy in the range IkeV to 
IMeV. For any incident photon, the ratio of g(photoelectric) to g(Compton) together with 
a suitable random number generator, would allow the type of interaction to be found.
For example, with a linear random number generator running from 0 to 1, if 
g/photoelectricfyScm'1 and g(Compton)=lcm'1 and the selected random number, RND(O), 
is greater than l/(l+5) the interaction mechanism is defined to be photoelectric absorption. 
If the value of RND(O) is less than l/(l+5) the mechanism will be that of Compton 
scattering.
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Once the program has selected the interaction mechanism, the linear attenuation coefficient 
can then be used to calculate the range of the photon in the crystal using the equation:
L = [Eq.4.1]
where L = range of photon in crystal (cm)
and ft = linear attenuation coefficient (cm'1)
This equation can then be used to establish whether the photon interacts within the crystal, 
(i.e. L<d), or if the photon escapes, (i.e. L>d), where d is the detector thickness.
4.2.2.1 Photoelectric Absorption
If photoelectric absorption is selected as the interaction mechanism, a subroutine is 
followed in which the recoil electron energy and angle of emission are calculated. The 
recoil electron energy can be calculated from:
T„ = Ey -  -  [Eq.4.2]
where Ta = kinetic energy of recoil electron
Ey = incident photon energy 
BEe = binding energy of the particular electron ejected 
and Tr = recoil kinetic energy of target atom.
The angle of emission of the recoil electron can be found from an equation derived for the 
distribution of the X-ray photoelectrons ejected from the K- and L- atomic energy levels, 
[Anderson 1930]:
P(0) = constant x ---------- - -----------—  [Eq.4.3]
(1 -F(COS0)/c+frv/2mc2)4
where P(6) = probability of ejection per unit angle
V — velocity of ejection 
v — frequency of incident radiation 
and h,m,c = usual physical constants
Using the theoretical P(0) distribution, an angle of emission can be established for each 
ejected electron using a suitable random number generator. If this process is repeated
6 2
many times a distribution of ejection angles for a particular incident photon energy may be 
formed. This distribution can be compared with theoretical distributions for a number of 
given photon energies. Figures 4.3 a to 4.3 d illustrate how the theoretical and simulated 
distributions compare.
4.2.2.2 Compton Scattering
As with the photoelectric effect, the recoil electron energy and emission angle are 
calculated, together in this case, with the scattered photon energy. Use is made of the 
Klein-Nishina formula where the probability of electron emission per unit angle is:
jP(0) = constant x 1
2 (1 +cc(1 -COS0))
1+COS6+ '
1 +a(1 -cose)
[Eq.4.4]
where a = Ey/m0c2
r = e2/(47tm0c2)
and 0 = angle of electron emission relative to incident photon direction.
As with the photoelectric subroutine, a series of graphs were plotted to show how well the 
simulated and theoretical P(0) distributions compare. The results are illustrated in figures 
4.4a to 4.4d.
Figure 4.5 compares the number of photoelectric events to the number of Compton events 
for 15000 photons incident upon mercuric iodide (shown by solid lines), cadmium telluride 
(dashed lines) and silicon (dot-dash lines).
4.3 Recoil Electrons
In the simplified model, the maximum range of recoil electrons produced via photoelectric 
absorption or Compton scattering was calculated using:
Re = 412E” IK8** 1^ 52] [Eq.4.5]
where n = 1.265 - (0.0954 ln(E„))
(Re is expressed in mg/cm2 for Ee, the recoil electron energy, in MeV).
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Using equation 4.5, the maximum range of recoil electrons of energy 60keV within a 
mercuric iodide sample was found to be 0.01mm. This is far less than typical detector 
thicknesses so these devices do not suffer too much from wall-effect problems at typical 
energies.
X 1 0 3
Figure 4.5 Comparison of Number of Photoelectric and Compton Events
Calculations were then made, based upon figure 4.6, to determine whether or not the 
electron was likely to be lost or captured by the detector. From figure 4.6 it can be seen 
that the recoil electrons will escape if: 
i) x + Lcos(0) > d 
or, ii) Lsin(0) > t/2.
Incl^en-fc
P h o to n
Figure 4.6 Model to Determine if Recoil Electron Escapes
The Katz formula, given by equation 4.5, applies to the maximum penetration range of the 
recoil electrons. In practice, this is only reached by very few electrons and so the
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calculated range is over-estimated by a large factor compared with the average penetration 
range. This is due to the large amount of scattering of the electron as it slows down. This 
step was changed at a later date to allow for partial absorption of the recoil electron 
energy within the sensitive volume of the detector material. Figure 4.7 illustrates the 
variation in recoil electron range with photon energy for various materials, according to the 
relation given by equation 4.5.
The updated version of the model includes a calculation of the rate of energy loss of the 
recoil electrons. The detector is divided into a number of parallel slabs of equal thickness 
normal to the direction of the incident radiation. The range of the incident photon is used 
to calculate which slab the initial interaction occurs in. The recoil electron energy and 
emission angle are then calculated along with the distance travelled by the recoil electrons 
in the slab. The energy lost by the electron in that slab is then calculated. The electron is 
then followed through successive slabs until its energy becomes zero or until it escapes 
from the boundaries of the detector. The energy deposited in each slab is calculated and 
stored for future reference.
Figure 4.7 Range of Recoil Electrons as a Function of Energy
The energy lost per unit path length from collisions is given by, [Knop 1965]:
=  0 . 1 5 3 - ^  dx A$2
(]nE(E+mc2)2^2)
2I2mc2
+ F(P) (MeV/cm) [Eq.4.6]
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where,
F(|3) = 1-p2 - ln2(2\j(\-p2) -1+p2) + 0.125(1- V ( l- P 2))2
The energy loss, (in MeV/cm), due to bremsstrahlung production when the electron is 
accelerated by the Coulomb field of the nucleus is given by:
= 3.44x10 ~7(E+mc 2)\z2p]4J2(E+mcY _ 4
dx A V me2 j 3
[Eq.4.7]
where
(5 — E/mc2
E = electron kinetic energy in keV 
p ~ density of detector material 
Z = atomic number
I  = average ionisation potential (approximately 11Z eV) 
A — atomic weight
For simplicity, this treatment assumes that all of the recoil electrons travel in straight lines 
to the end of their range, whereas most electrons do not diffuse more than about one half 
of Rmax from their point of origin.
4.4 Charge Generation
The recoil electron loses energy by ionisation along its path length. This ionisation 
results in the formation of electron-hole pairs, the number of which is given by:
N  = JL [Eq.4.8]
W
where N = average number of electron hole pairs created
W = average energy required to create each pair (eV/ion pair) 
and E = energy deposited in the detector (eV)
Using this equation, the total number of charge carriers generated may be found. The 
value of N has a variance o2 = FN, where F is the Fano factor of the detector material. 
For mercuric iodide, typical values of F  and W are 0.19 and 4.2 eV/ion pair respectively,
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[Cuzin 1987].
4.5 Charge Collection
It is unlikely that all of the charge generated in the form of electron-hole pairs within the 
crystal will be collected at the electrodes. The presence of trapping centres within the 
detector material can enhance recombination of the charge carriers, and hence a reduction 
in the charge collected together with degradation in resolution. This factor is quite 
important for mercuric iodide detectors since the hole mobility is very low, (4cm2/(V.s)). 
A formula allowing for this effect has been proposed by Day, [Day 1967].
The charge collected, Q, is given by:
[Eq.4.9]
where Q0 — initial charge generated (C)
Xe = mean free drift length for electrons (cm)
\  = mean free drift length for holes (cm) 
d = detector thickness (cm)
L = distance of y interaction from -ve electrode (cm)
Xe and \  are found from:
[Eq.4.10]
and,
* *  =  W if i [Eq.4.11]
where jua = electron mobility (cm2/(V.s))
juh = hole mobility (cm2/(V.s)) 
Te = electron trapping time (s) 
zh — hole trapping time (s)
and E — electric field across the detector (V/cm)
The following values have been reported for mercuric iodide, [Sakai 1982]: 
jug ~ 100cm2/(V.s) 
juh = 4cm2/(V.s)
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ve = 5.0x10"6s
Th — 7.5x10'7s
Therefore, if the electric field is known, (simply detector bias divided by the detector 
thickness), Za and \  can be determined. Inserting these values into equation 4.9 allows 
Q to be determined.
Charge collection efficiency q, (defined as Q/Q0), was investigated, for various detector 
thickness, bias, and interaction distance values. Several graphs were plotted to show how 
r| varies as these parameters are altered. These graphs are presented overleaf. Figures 
4.8a to 4.13d illustrate charge collection efficiency with the photons incident upon the 
negative electrode. Equation 4.9 was then rearranged in order to show the difference in 
charge collection efficiency when the photons are incident upon the positive electrode. 
These results are presented in figures 4.14a to 4.16d and are discussed in section 4.8. 
Mercuric iodide is represented by the solid black lines, cadmium telluride is shown by the 
dashed lines and silicon by dot-dash lines.
4.6 Further Sources of Signal Variation
4.6.1 Electronic Noise
Electronic noise can be calculated using equation 4.12, [Radeka 1968].
A En = AEm + 1.1&C 10% i + 0.10 Tr/c] + 2 [Eq.4.12]
where AEn — electronic noise contribution from the detector-preamplifier 
combination (eV)
AEno = electronic noise of preamplifier without detector (eV) 
ld — detector leakage current (pA) 
v — filter time constant (ps)
T = temperature of input FET (K)
rs = equivalent series resistance of FET (£2)
Cd — detector and connector capacitance (pF)
Cs = source-gate capacitance (pF)
Typical values for a 2.5mm2xl60pm device are, Cd = 6.0pF, Cs — 1.7pF and rs — 0.7/gm 
(where gm =10“4pmhos) [Slapa 1976].
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Figures 4.16a-b Charge Collection Efficiency as a Function of the Ratio L/d for Mercuric Iodide 
with Photons Incident upon the +ve Electrode
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If the various components of noise are independent of each other and have Gaussian 
distributions, the total noise is given by:
AEn is the contribution from electronic noise in the detector-preamplifier combination.
AEco, is the contribution to noise from incomplete charge collection, and AEF is the 
contribution due to the statistics of charge collection.
4.6.2 Statistical Noise from the Measured Signal
The response of a radiation detector is also dependent upon fluctuations in the statistical 
noise arising from the discrete nature of the measured signal itself [Knoll 1989d], This 
source represents a minimum amount of noise that will always be present no matter how 
perfect the rest of the detection system is. An estimate can be made of the amount of 
inherent fluctuation by assuming that the production of each electron-hole pair from an 
interaction within the detector material is a Poisson process. In the computer program, the 
resultant signal is passed into a subroutine which includes a random number generator to 
model a Poisson type distribution.
4.7 Results
Figures 4.17a to 4.22d illustrate spectra obtained using the mathematical model 
developed. Each set of four figures illustrates the effect on the spectra of changing one 
parameter such as detector bias, thickness or the electronic noise from the preamplifier.
(A£)2 = (A E)l* (AEt, + (AB)% [Eq.4.13]
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Table 4.1 shows the settings used to obtain each of the spectra and also shows the results 
of energy resolution calculations for the 17.7keV and 59.6keV photopeaks.
Figure Source Bias (V) Thickness
(cm)
Preamp. 
Noise (eV)
Resolution (%) 
@17.7keV @59.5keV
4.17a Am-241 100 0.01 1 710 7.3 —
4.17b Am-241 500 0.01 710 6.8 2.0
4.17c Am-241 1000 0.01 710 6.8 1.7
4.17d Am-241 2000 0.01 710 6.7 1.6
4.18a Am-241 2000 0.10 220 3.4 0.8
4.18b Am-241 2000 0.10 300 3.4 1.0
4.18c Am-241 2000 0.10 710 7.8 1.7
4.18d Am-241 2000 0.10 950 10.3 2.7
4.19a Am-241 2000 0.005 950 6.2 0.4
4.19b Am-241 2000 0.01 950 8.0 1.9
4.19c Am-241 2000 0.05 950 9.6 2.7
4.19d Am-241 2000 0.10 950 10.3 2.7
4.20a Am-241 100 0.01 710 13.4 —
4.20b Am-241 500 0.01 710 6.8 2.9
4.20c Am-241 1000 0.01 710 6.7 1.8
4.20d Am-241 2000 0.01 710 6.7 1.6
4.21a Am-241 100 0.005 710 9.1 —
4.21b Am-241 100 0.01 710 13.4 —
4.21c Am-241 100 0.05 710 — —
4.21d Am-241 100 0.10 710 — —
4.22a Co-57 50 0.10 710
4.22b Co-57 250 0.10 710
4.22c Co-57 500 0.10 710
4.22d Co-57 1000 0.10 710
Table 4.1 Settings used in Program to Obtain Spectra
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Figures 4.17a to 4.19d were obtained with 10000 photons from an 241 Am source incident 
upon the negative electrode of the detector. Figures 4.20a to 4.21d illustrate the 
simulated spectra from a mercuric iodide device irradiated by 241Am photons on the 
positive electrode. Figures 4.22a to 4.22d illustrate the effect of changing the detector bias 
whilst irradiating the negative electrode with photons from a 57Co source. Each of the 
simulated spectra took approximately 24 hours of cpu time on a PRIME mainframe 
computer.
4.8 Discussion and Conclusions
This chapter has described the calculations performed and the results obtained for a 
computer model aimed at simulating room-temperature operated radiation detectors. The 
initial program was over-simplified yet still produced spectra resembling those expected 
from such detectors. The program follows the chain of events from initial penetration of 
the detector material, by a y-ray or X-ray photon, to the eventual charge collection and 
pulse height analysis. The model only allows for photons of energy less than IMeV, as 
would be observed in most practical applications of mercuric iodide and other small room 
temperature radiation detectors such as silicon and cadmium telluride. Fixing an upper 
energy limit meant that only the photoelectric and Compton interaction processes had to be 
considered.
The angle of emission of the recoil electrons has been modelled and the computer 
predicted distributions of probability versus angle of electron ejection agree adequately 
well with the theoretical distributions. Discrepancy between the theoretical and predicted 
curves occurs mostly for the photoelectric distributions at low incident photon energies less 
than 50keV, The response may be improved upon by sampling over a larger sample 
number, i.e. considering more photon histories to improve the statistics.
The linear range of the recoil electrons as a function of electron energy has been plotted 
for various materials, and as expected, an inverse dependence on the density of the 
detector material was observed. For complete charge collection it is essential that the 
range of the recoil electron and incident photon is less than the dimensions of the detector, 
otherwise the recoil electron could frequently escape from the material without depositing 
its full energy resulting in degradation of the spectral peaks. Figures 4.8 to 4.13 show 
how the charge collection efficiency depends upon parameters such as detector thickness,
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bias, and the ratio of y-ray interaction distance from the negative electrode to detector 
thickness. Figure 4.8 illustrates that mercuric iodide has severe problems, compared to 
silicon and cadmium telluride, as far as charge collection is concerned. Figures 4.8a-d 
show charge collection efficiency as a function of detector thickness for detector bias 
values up to 1000 Volts. In practice, silicon surface-barrier detectors will only operate 
under conditions of reverse bias at bias values up to about 100 Volts, (i.e. approximately 
lkV/mm), in magnitude, but even at such a comparatively low bias the charge collection 
efficiency tends towards 100% for this material for thickness values up to 0.1cm. The 
charge collection efficiency for cadmium telluride devices rapidly improves between bias 
values of 10 and 100 Volts, whereas mercuric iodide only tends towards 100% charge 
collection efficiency for very small detector thicknesses at practical bias levels. The main 
reason for this shortfall in charge collection efficiency is the poor transport properties of 
the holes, (and to a lesser extent the electrons), within mercuric iodide.
Figures 4.9a-d compare the charge collection efficiency with detector thickness at 100V for 
different L/d ratios. For mercuric iodide, the charge collection efficiency improves when 
the photon interaction occurs near to the negative electrode of the device. In this case, 
the holes have a shorter distance to travel to reach the cathode and so will have a smaller 
probability of becoming trapped or of recombining than if they had been produced near to 
the positive electrode. Hence, for a given detector thickness and bias, charge collection 
efficiency will increase for mercuric iodide as L/d decreases for radiation incident upon the 
negative electrode. Increasing the detector bias also improves the charge collection 
efficiency for mercuric iodide, as shown by figures 4.10a-d, but the charge collection 
efficiency for mercuric iodide only reaches a maximum of 40% for interactions occurring 
near to the positive electrode, compared to a figure approaching 100% for silicon and 
cadmium telluride. Thus, for low-energy photon detection, it is of paramount importance 
that the radiation falls onto the negative electrode if degradation in energy resolution and 
efficiency is to be avoided. Also, charge collection efficiency improves as detector 
thickness decreases, and due to the high average atomic number, mercuric iodide detectors 
do not need to be thick. In fact, unnecessarily thick detectors will lead to charge 
collection problems. One way of obtaining a "thicker" detector, (for use in high energy 
photon detection), whilst retaining good charge collection efficiency is to irradiate the thin 
edge of the device, as illustrated in figure 4.23 below. The radiation "sees" a thick 
detector of length x, so detection efficiency will be improved upon, whereas the charge
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carriers "see" a thin detector, o f width y, thus reducing charge collection problems.
Irradiating the positive electrode of the mercuric iodide devices drastically alters the charge 
collection efficiency as shown in figures 4.14a to 4.16b due to the long drift length for 
holes. Increasing the ratio L/d changes the charge collection efficiency for mercuric iodide 
dramatically under these conditions. When L/d=0.25 the charge collection efficiency falls 
from 100% to 27% over the range of detector thickness values covered. For L/d=1.00, 
the charge collection efficiency drops from 100% at very small detector thicknesses to 
72% when d=0.1cm.
Figure 4.23 Overcoming Charge Collection Problems with Mercuric
Iodide
Figures 4.16a-d confirm that increasing the L/d ratio, (i.e. the interactions occur nearer to 
the cathode results in increased charge collection, and also increasing the bias aids charge 
collection still further. For a bias of 10V the charge collection efficiency increases from 
almost 0% when the initial photon interaction occurs near to the anode to 41% when the 
interaction occurs at the cathode. This compares to charge collection efficiency values of 
30% and 98% for similar interaction locations when the detector bias is lOOOVolts. For a 
detector of thickness 0.01cm biased to lOOVolts, the charge collection efficiency is always 
above 85% regardless of where the photon interaction occurs. For a detector thickness of 
0.10cm, the ratio L/d must be greater than 0.88 to achieve a similar charge collection 
efficiency.
Figures 4.17a to 4.19d show the 241 Am spectra produced with the simulation package for 
radiation incident upon the negative electrode of a mercuric iodide detector. Increasing 
bias is shown to improve resolution because a greater electric field across a device will 
ensure that a greater proportion of the generated charge will be swept away to the
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electrodes. Increasing detector thickness without altering any other of the parameters 
appears to have little effect over this energy range for the detector thicknesses used, due to 
the fact that all of the photons are stopped near to the entrance electrode. Decreasing d 
will increase the probability of the incident photon escaping without interacting within the 
crystal but will also increase the probability of all charge being collected. Over the range 
of thickness values tested here it may be that these two factors are cancelling out. A 
marked effect on the energy resolution of the photopeaks is observed when the noise 
level of the detector-preamplifier combination is increased from 220eV to 950eV.
The spectra produced using this computer simulation yield energy resolution figures 
similar to those reported for real devices. For example, one paper reviewing the status of 
room temperature operated radiation detectors, [Sakai 1982], states that mercuric iodide 
devices of thickness 0.2cm may yield energy resolution figures of 2% at 60keV.
The effect of irradiating the positive electrode of a mercuric iodide device with photons 
from an 241Am source is illustrated in figures 4.20a to 4.21d. Detector bias is shown to be 
an important factor in influencing the energy resolution when the positive electrode is 
irradiated. Increasing the detector bias creates a larger electric field across the detector 
and increases the probability of collecting a significant proportion of holes as well as 
electrons.
It is interesting to note the energy resolution data of figures 4.17d and 4.20d. Both 
simulated spectra are obtained with a 0.01cm thick device with an applied bias of 2000V 
and electronic noise of 710eV. Figure 4.17d has the incident radiation falling onto the 
negative electrode whereas figure 4.20d has the radiation incident upon the positive 
electrode. This illustrates that beyond a certain electric field value the proportion of 
charge collected is the same whether irradiation is upon the positive or negative electrode.
The effect of varying the detector bias with a 37Co source present is shown in figures 4.22a 
to 4.22d. The higher energy peak at 122keV becomes more prominent as the bias, and 
hence charge collection, are increased.
Overall, it can be seen that increasing the bias results in a better spectrum in terms of 
counts in the photopeaks and resolution. But HgL, detectors are limited to electric field
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values below 2x10+4 to 2xlO+5V/cm, corresponding to 2000 - 20000 Volts across a 0.1cm 
device, [Whited 1979]. Above tliis limit, partial or total electrical breakdown may occur.
CHAPTER 5 GROWTH OF MERCURIC IODIDE PLATELETS
5.1 Requirements of Growth System
In order to grow mercuric iodide crystals which are suitable for use as radiation detectors, 
a growth system must be designed to provide a clean and stable environment for platelets 
to form.
To remove any impurities from the system a vacuum pumping system must be 
incorporated which should be capable of reaching pressures at least as low as 10‘3 torr. A 
furnace is also required and this should have excellent temperature stability over a period 
of several days and should also enable small, accurate temperature changes to be made.
A growth tube of suitable dimensions, constructed from a suitable material must be made, 
and the starting materials also need to be carefully selected. Since mercuric iodide is a 
toxic compound and releases mercury vapour when heated, handling of the material must 
be carried out within the confines of a glove box which should be situated in a fume 
cupboard for extraction of any residual vapours escaping. The area should also be 
monitored for mercury vapour contamination throughout the course of the experiments.
Once crystals have been grown, electrodes must be attached so that an electric field can be 
applied across the device to collect any charge generated by the interaction of radiation 
with the material. The electrode material must be carefully considered: it must be easy to 
apply to the crystal surfaces and should not degrade the quality of the crystalline material 
in any way.
5.2 Design and Development of Vacuum System
5.2.1 Vacuum Pumps
Vacuum pumps can be divided into two categories:
i) pumps such as oil-sealed mechanical pumps and water-jet pumps which pump 
down from atmospheric pressure, the so-called backing pumps (or forepumps),
ii) pumps which need to be at reduced pressure before they can be allowed to 
operate, such as vapour pumps and cryopumps.
In order to reach pressures lower than 10‘3 torr, as required for the growth of mercuric 
iodide platelets, a suitable combination of types i) and ii) has to be found. New high
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performance vacuum equipment is fairly expensive: quotes of £634 for a rotary pump and 
£941 for an oil-diffusion pump have been obtained. Initial experiments were performed 
using apparatus obtained from within the Physics department to see if adequate 
performance could be obtained with minimum outlay. The money saved in this area of 
research would then be available for equipment to investigate the application of the crystal 
platelets.
5.2.1.1 Rotary Pumps
Modem rotary pumps are capable of producing vacuums in the order of 10'2 torr. The two 
main components of this type of pump are the rotor and the stator. The rotor consists of a 
steel cylinder which rotates on an axle inside the cylindrical steel stator. A pulley-coupled 
motor provides the necessary drive mechanism for the central rotor axle. Two vanes are 
inserted in diametrical slots within the rotor. Central springs within the rotor ensure that 
the outside edges of these vanes are pressed against the inner stator wall. The whole 
assembly is immersed in an oil-bath within the pump casing: the oil acting as a seal and a 
lubricant. Rotation of the rotor body causes the leading edge of one vane to pass over the 
junction between the stator and the inlet port. Further rotation results in an expansion of 
the volume behind the vane, leading to a pressure reduction at the intake. The crescent 
shaped volume in front of the opposite vane passes the discharge outlet. Therefore, 
continuous rotation results in gas from the vacuum chamber being drawn through the inlet 
port and expelled through the outlet valve.
5.2.1.2 Diffusion Pumps
Diffusion pumps operate under conditions of molecular flow. This, coupled with the small 
differential pressure which the pump can support, limits its operation to pressures below a 
certain value normally referred to as the critical backing pressure. The critical backing 
pressure varies from one pump to another, but is approximately 0.1 torr. If this pressure is 
exceeded, pumped gas will diffuse back through the jets. Therefore, before the diffusion 
pump will operate, the pressure in the system must be reduced using a backing-pump.
A boiler at the base of the diffusion pump produces vapour from the pump fluid. This 
vapour travels upwards through the central channel of the pump to a series of nozzles.
The vapour then emerges from the nozzles at high speed in a downwards direction, and 
imparts momentum to any gas molecules which may have diffused into the intake port of
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the pump from the vacuum chamber. Hence, a pressure gradient forms within the gas 
between the inlet and outlet ports of the diffusion pump. The nett effect is to compress 
the gases at the outlet port where they can be swept away by the backing pump.
The pumping fluid is usually a high-purity hydrocarbon oil. The oil used must be 
non-corrosive, and have lubrication and viscosity characteristics suitable for the pump.
The oil must also be resistant to decomposition on exposure of the vapour to hot filaments 
or gaseous discharge. Figure 5.1 illustrates cross-sectional views of these two types of 
vacuum pumps.
Figure 5.1 Cross-sectional Views of i) a Rotary Pump and ii) a Diffusion Pump
rYarwood 1967. Roth 19761
5.2.2 Vacuum Gauges
Many different types of pressure gauges have been designed which relate certain 
charactensties of the gas/vapour in the system to the pressure. In many systems two 
gauges are employed: one to measure the backing pressure, (between atmospheric pressure 
and about 0.01 torr), and another to measure the pressure in the vacuum chamber when the 
secondary pump is operational.
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5.2.2.1 Pirani Gauges
One of the most widely used gauges is the Pirani gauge. This operates on the principle 
that loss of heat from a heated object in a vacuum depends upon the residual pressure in 
that system. These gauges normally consist of a heated metal filament with a high 
temperature coefficient of resistivity, such as platinum or tungsten, encased in a glass 
envelope.
The electrical resistance of most metals is found to increase with increasing temperature. 
Therefore, an increase in pressure in the gauge tube produces a decrease in temperature 
and hence a reduction in the electrical resistance of the filament. Hence, measurement of 
the filament resistance enables the pressure of the system to be determined. A change in 
the ambient temperature will affect the temperature of the wire, and therefore its 
resistance, leading to an incorrect pressure reading. This problem may be overcome by 
using a dummy gauge identical to the gauge being used for pressure measurement. Figure
5.2 illustrates the circuit used in a Pirani gauge.
[Guthrie 1963]
The two gauge tubes form two aims of a Wheatstone bridge. Meter G is calibrated in 
pressure units and its zero point is set by adjusting the resistance R3 while the gauge is 
pumped down to a very low pressure. This meter will then give a reading as the pressure 
is raised into the range of the gauge.
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A Pirani gauge can measure vapour pressure as well as the pressures of permanent gases. 
Consequently, if different gases or vapour combinations are used the gauge has to be 
recalibrated. Pressure readings for nitrogen, oxygen and water vapour are very similar, 
whereas hydrogen, helium and various solvent gases may be used for leak detection. They 
can also be used to indicate when a diffusion pump can be safely switched on. Pirani 
heads typically cost £70, with a further £200 for the gauge controller and display unit.
5.2.2.2 Penning Gauges
Electrons will ionise a gas if their energies exceed the ionisation energy of the gas. The 
probability of ionisation, divided by the number of ion pairs produced per unit path length 
of the electrons at a particular pressure, varies considerably with the electron energy and 
the nature of the gas. For a given gas and electron energy, the number of ion pairs 
produced will also depend upon the pressure. Therefore, if an ionisation current is 
produced in a gas on application of a high voltage between electrodes, the magnitude of 
such a current will depend upon the gas pressure. Thus, calibration would allow the 
pressure to be detennined from measurement of the ion current.
Penning introduced the ionisation gauge, illustrated in figure 5.3, in which a pair of 
cathode plates is arranged on either side of an anode ring within a glass envelope, and an 
axial magnetic field to confine the discharge. It is possible to measure a significant 
ionisation current down to pressures of the order of 10‘9 torr.
TYarwood 19671
Significant errors can arise as the positive ions become embedded in the cathodes as the 
gauge pumps gas, and also because the cathode metal becomes sputtered at pressures 
exceeding 10‘7 torr. To reduce these errors, the gauge is connected to the system by a
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short, wide tube. A Penning gauge head costs £150 and a suitable controller and display 
unit would add another £310 to the price.
5.2.3 Baffles and Cold Traps
Diffusion pumps suffer from two main problems whereby the pump fluid may enter the 
vacuum enclosure:
i) Back-streaming due to a small fraction of the oil molecules from the top jet 
travelling in the wrong direction towards the vacuum chamber. This undesired 
direction is imparted to the molecules either as they exit from the jet or 
following a collision with other molecules in the stream.
ii) Back-migration due to the re-evaporation of oil from the walls of the pump 
and the pipes leading to the vacuum chamber.
Back-streaming and migration can be decreased using baffles and cold traps. Baffles are 
systems of cooled walls, or plates, and are placed near the inlet of the vapour pump in 
order to condense back-streaming vapour and return liquid to the pump. Their efficiency 
is increased by careful design to ensure that no molecule can pass through the vacuum 
chamber without colliding with a wall. Refrigerated baffles work on the principle of 
thermoelectric cooling. Figure 5.4 shows an example of a baffle design.
Figure 5.4 Design of a Baffle used in Vacuum 
Systems [Yarwood 19671
Current is passed through the thermoelectric cell from an external source of direct current. 
Current flows from a negative contact to the positive terminal via p-type and n-type
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bismuth telluride, (Bi2Te3). Heat is absorbed by the copper rod and passed onto the n-type 
material where the heat is carried away by water. Bi2Te3 is used because it has a high 
thermoelectric power and low thermal conductivity.
Liquid nitrogen traps are cryogenic devices which are designed to prevent oil vapour from 
the diffusion pump entering the vacuum chamber, and also to pump by condensation any 
vapours which emerge from the vacuum system. Well designed cold traps should have the 
following features:
i) they should be effective in trapping vapours from the pump but should not 
introduce an undue amount of impedance to the flow of the gas,
ii) there should not be any warm paths which would allow oil vapour to migrate 
into the vacuum region,
iii) the condensed oil should return to the pump via the walls of the trap rather 
than dropping onto the hot jet assembly where it would simply be 
re-evaporated,
iv) liquid nitrogen consumption should not be too high and the inner surfaces 
should be readily accessible for cleaning.
A small cold trap would normally cost around £800 and a thermoelectric baffle would add 
an extra £300 to the cost of the vacuum system.
5.3 Testing of Vacuum System
The following section gives details of a series of experiments carried out to familiarise the 
user with vacuum apparatus and procedures and also to determine whether or not the 
system designed was suitable for use in the growth of mercuric iodide platelets.
5.3.1 Method
The system used is illustrated in figure 5.5. Initially valves 1,4 and 5, and the air inlet 
valve were closed while valves 2 and 3 were open. The rotary pump was switched on and 
valve 1 was slowly opened. The pressure reading from the Pirani gauge was noted as a 
function of time. The diffusion pump was switched on when the backing pressure had 
fallen to 0.5 torr. The pump was allowed to warm up for twenty minutes and valve 3 was 
closed and valve 4 was opened. When the pressure in the system had reached the lower
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limit of the Pirani gauge, the Penning gauge was switched on and used to monitor the 
subsequent pressure changes. The pressure within the system was noted as a function of 
time over a period of several hours. Figure 5.6 illustrates the variation of pressure with 
time over an 8.5 hour measurement period.
To E x p e r im e n t
A ir  A d m it ta n c e  Valve 
Figure 5.5 Vacuum System used in Initial Experiments
5.3.2 Discussion
The ultimate vacuum pressure obtained with the system illustrated in figure 5.5 was 6xl0"7 
torr. This pressure was obtained after pumping out the system for a period of 8 hours.
This value is well below the 10'3 torr figure recommended by Faile et al for the growth of 
mercuric iodide, [Faile 1980], so the system should be more than adequate for the task 
involved. The leak rate was found to be relatively high, (of the order of mtorr.r/min’1). 
The system was taken apart and all of the joints and seals were checked for signs of wear. 
After the system was reassembled, the leak rate remained high but was not thought to pose 
a problem because the pressure within the growth tube could be maintained below IO*3 torr 
by continuous pumping.
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One method of overcoming the leak rate problem would have been to seal off the growth 
tube once it had been evacuated. However, this can lead to problems such as damage to 
the crystals by an in-rush of air when the tube is opened, [Curry 1986], so the growth 
runs proceeded with the growth tube on a demountable system.
Time
5.4 Furnace Calibration
This section sets out to describe a series of experiments performed to assess the suitability 
of a two-zone furnace, supplied by the Vinten Group pic of Sandy, Bedfordshire, for use 
in the growth of mercuric iodide platelets. For mercuric iodide platelet growth, Faile et al 
recommend the temperature profile shown in figure 5.7.
Mercuric iodide powder and polyethylene are placed into the tube and heated to 230°C. 
These are then vaporised and crystal growth occurs further down the tube at the point 
where the temperature is 127°C. Since the platelets take several days to grow, the growth 
zone temperature must remain stable. Any change in this temperature would shift the 
crystal deposition zone up, or down the tube, resulting in defects or production of small 
crystals.
The largest platelets grown by Faile et al were 1cm2 in area and a few millimetres thick. 
With a temperature gradient of 0.8°C/mm over the growth zone, a sudden temperature 
change of 1°C would shift the crystals to such an extent that the crystals would grow
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'back-to-back1, and may no longer be monocrystalline. If the temperature change occurs 
rapidly, defects may occur where the platelets meet. If the change occurs slowly however, 
it may be possible to grow thicker platelets without defects.
250 Vaporisation
Platelet Fonnation
0
0 5 10 15 20 25 30 35
Distance Along Growth Tube (cm)
Figure 5.7 Temperature Profile for Growth of HgL, Crystals
5.4.1 Experimental Procedure
The furnace has two heating coils independently maintained by temperature controllers. 
Several combinations of the temperature settings were used in this experiment to establish 
how long the furnace took to stabilise and to study the temperature profiles produced.
A thermocouple was used with the temperature indicated by a Comark display unit. The 
thermocouple was placed at the mid-point of the furnace and appropriate temperature 
settings were selected. The furnace was switched on and the temperature reading 
displayed by the Comark unit was noted at regular intervals until the furnace had 
stabilised. The temperature profile of the furnace was then investigated by moving the 
thermocouple along the length of the furnace and recording the temperature reading. The 
temperature reading with height was also studied by placing the thermocouple bead at the 
top, middle and bottom of the furnace. This process was repeated for several different 
temperature settings. From the results, a series of graphs were plotted to show how the 
temperature in the furnace varied as a function of time and position.
Temperature stability of the growth zone was studied over long periods of time. A 
copper/constantan thermocouple was constructed since the Comark display unit was
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required elsewhere. The thermocouple was connected to a digital voltmeter and a chart 
recorder. The temperature controllers were set to 260°C and 100°C which from the 
previous experiments were thought to be the most appropriate settings for mercuric iodide 
crystal growth.
The thermocouple bead was placed in the furnace at the position corresponding to a 
temperature of 127°C. The pen of the chart recorder was set to the centre of the vertical 
scale and the apparatus was left running for several days. Results were obtained for scale 
reading as a function of time for the chart recorder. A histogram was plotted for 
frequency of scale reading over the measurement period. The mean scale reading and 
associated standard deviation were calculated and compared with the sensitivity of the 
thermocouple and plotter to enable the change in temperature to be evaluated.
The output from the thermocouple was found to give a deflection of 1mm for each 1°C 
change in temperature with the chart recorder set to its most sensitive scale. To improve 
this response, in order to allow smaller temperature fluctuations to be detected, the 
amplifier circuit shown in figure 5.8 was constructed and connected to the thermocouple 
output. The circuit amplified the thermocouple output voltage by a factor of 1020. This 
could be reduced by changing the plotter sensitivity.
5.4.2 Results
Figures 5.9a to 5.9c show typical histogram plots of the variation of the furnace 
temperature with time. The temperature variation within the furnace was measured over a
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period of three to four days in order to assess its stability over a period of time 
comparable to that of a typical growth run. Figure 5.9a shows the variation in plotter 
output, (which is related to the change in furnace temperature), for an unamplified 
thermocouple output voltage. To enable the temperature fluctuations to be determined 
more accurately the thermocouple voltage amplifier was incorporated into the system. 
Figures 5.9b and 5.9c show the variation in the plotter output with time for the amplified 
thermocouple output voltage. Figures 5.10a to 5.10c show the change in temperature at 
the mid-point of the furnace as a function of time following switch-on for various settings 
of the two temperature controllers A and B. Figure 5.10d illustrates the drop in 
temperature at the centre of the furnace after the temperature controllers had been switched 
off. Figures 5.11a to 5.lid illustrate typical temperature profiles recorded for different 
temperature control settings in the two-zone furnace.
5.4.3 Calculations
The gain of the amplifier circuit was calculated by measuring the thermocouple output 
voltage before and after amplification. The voltage gain, Av, is then given by:
4^ = Output Voltage of Amplifier 
v Output Voltage of Thermocouple
At the time of measurement, this was found to be:
.  (2,240,0002)0. .  1020±90 
(2.2±0.2mV)
The temperature gradient over the growth zone was found from figure 5.11b to be:
(224-100) = (0.77±QM)°C/mm 
(244-80)
From figure 5.9b the mean scale reading of the chart recorder over the period of 
measurement was found to be:
(47.9±1.0) divisions -  (9.6±0.2)cw
The plotter sensitivity was set at 20mV/cm. The thermocouple response before 
amplification was (0.050±0.005)mV/°C. After amplification, the response of the system 
was therefore (50±7)mV/°C. Therefore, a fluctuation of 0.2cm is equivalent to an overall
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Figure 5.9a Histogram Representation of Temperature Variation
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Figure 5.9b Histogram Representation of Temperature Variation
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Figure 5.9c Histogram Representation of Temperature Variation
temperature change of (0.08±0.01)°C at the crystal growth zone. This represents the 
uncertainty in the calibration of the system. In practice, the temperature within the furnace 
was much more stable.
Applying equation 5.1 to the data from figures 5.9a to 5.9c yields the following 
information:
A°C = 1°C (from initial test run with no amplification),
A°C = 0.08°C (from figure 5.9b) and 
A°C = 0.04°C (from figure 5.9c),
where A°C represents the change in temperature over the period of measurement.
Thus, excluding the first unamplified test-run, all subsequent experiments yielded similar 
results indicating that the change in temperature with time was less than 0.1°C.
Consider crystal growth at 127°C. If the platelets are 1mm wide, then they will grow 
'back-to-back'if the growth zone shifts suddenly by 1.0mm. The temperature gradient
104
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in the growth zone is (0.77±0.04)°C/mm. Therefore, a change in temperature of 0.77°C 
will result in the above phenomenon. But, from previous results, the temperature is 
shown to vary by less than 0.1°C over the measurement period. This would shift the 
crystal deposition zone by less than 0.1mm.
5.4.4 Discussion
The maximum temperatures obtained from the temperature profiles were found to be in 
good agreement with the temperature settings of the furnace when one heater was used. 
When both heaters were used, the maximum temperature obtained was found to depend 
upon the difference between the two temperature settings. If similar settings were used, as 
in the case of heaters A and B both being set to 250°C as in figure 5.11c, the maximum 
temperature was located near to the centre of the furnace. With larger differences between 
the settings of the temperature controllers the profile tended to be dominated by the 
highest setting. In the case of figure 5.11b, where heater B was set to 250°C and heater A 
was switched off, heater B was supplying sufficient heat energy to the system to keep the 
temperature above that of the laboratory temperature in the region of the other heater.
Thus, the second heater would not have played any part in the heating of the furnace if it 
had been set to 20°C, except in the warming-up stage. The lower temperature setting 
could be used to prevent fluctuations in the air temperature affecting the temperature 
within the furnace.
On average, the furnace took four hours to stabilise following switch-on. This can be seen 
from figures 5.10a to 5.10c where furnace temperature has been plotted as a function of 
time. Initially, the temperature rose rapidly but levelled off after about one hour as the 
temperature in the furnace approaches the value set on the controller.
The ideal temperature profile for mercuric iodide crystal growth is shown in figure 5.7.
The maximum temperature needed to melt and vaporise the mercuric iodide and 
polyethylene is 240°C. The crystal growth zone should be positioned such that the 
crystals grown can easily be removed from the tube without risk of damage. That is, the 
temperature profile used should ensure that the growth occurs near the unsealed end of the 
tube.
This section has shown that the furnace tested has suitable characteristics in terms of
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stability and temperature profile to be used for the growth o f mercuric iodide.
5.5 Safety Aspects of HgL, Growth
Before any growth of mercuric iodide could take place, an assessment of the hazards was 
carried out. The system was built with a number of safety features incorporated to ensure 
the safety of those working in the laboratory. Safety features included a glove box and a 
fume extractor.
The mercuric iodide powder is very toxic so should always be handled with suitable 
gloves. Advice from several glove manufacturers and suppliers indicated that 
heavyweight natural rubber gloves would give suitable protection against contamination 
from mercuric iodide [Russell-Fell 1988, Knight 1988]. The gloves obtained were 
incorporated into a glove box to reduce the possibility of mercury contamination to other 
parts of the laboratory. The furnace was placed inside the glove box allowing the growth 
tube to be connected to the vacuum system via a port in the side of the box. The outlet 
from the vacuum system was fed back into the glove box to reduce the risk of any 
mercury vapour escaping into the laboratory atmosphere. As a further precaution the 
whole system was placed beneath a fume extractor hood. Figure 5.12 overleaf illustrates 
the components of the growth system including the control panel, glove box and extractor.
The vacuum system was also carefully controlled. A set of safety features ensured that 
the diffusion pump would not operate if the cooling water fell below a certain flow rate or 
if the backing pressure fell below a certain value. This ensured that the diffusion pump 
could not overheat.
The laboratory around the growth system was continuously monitored for the presence of 
any mercury vapour produced during the thermal decomposition of mercuric iodide 
powder. A mercury vapour sniffer was obtained from the University's Safety Office to 
perform this function. The sniffer is a highly sensitive instrument capable of detecting 
minute amounts of mercury vapour. A sample of air from the surrounding atmosphere is 
drawn into an absorption chamber where a selective ultra-violet light source is located. At 
the other end of the chamber, a photoresistive element measures the intensity of radiation 
passing through the intervening spaces. The optical system is specifically designed to 
detect mercury vapour which has a strong absorption line in the ultra-violet range of the
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Figure 5.12 Growth System
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spectrum. The presence of mercury vapour reduces the amount of ultra-violet radiation 
falling onto the photoresistive element, in proportion to the vapour concentration. The 
machine is zeroed by measuring the atmosphere in an uncontaminated location. The 
output from the photoresistive element is then converted into vapour concentration units 
and displayed on the meter.
The acceptable time-weighted average for mercury vapour levels in the work place is 
0.05mg/m3, [Hawley 1977]. The maximum concentration of vapour detected, found within 
the glove box during a typical growth run, was one-tenth of this level. No vapour was 
detected outside of the glove box in the laboratory work area at any time.
5.6 Platelet Growth
The basic polymer controlled growth process involves placing reagent grade mercuric 
iodide into a quartz tube together with about 1% by weight of a polymer such as 
polyethylene or polystyrene. Vapour transport may be initiated by heating the source end 
of the tube to a temperature above 130°C whilst keeping the other end at room 
temperature.
As in most ciystal growth procedures cleanliness is of the utmost importance. Any 
impurities in the system may be detrimental to the quality of the final crystalline material. 
The quartz growth tube must be cleaned thoroughly before adding the source material.
The tube should be washed with concentrated nitric acid, rinsed out with acetone and 
allowed to dry. This procedure may be repeated several times if doubts remain about the 
state of the inner surfaces of the tube.
Mercuric iodide powder, (99.9% pure), is then carefully dropped into the growth tube 
falling towards the closed 'source' end. A blanking flange is applied to the open end of 
the tube and the unit is placed into the two-zone furnace within the glove-box. To 
eliminate any excessive nucleation sites for future crystal growth, the powder is evaporated 
away from the sides of the tube near the 'sink' by raising the furnace temperature in this 
region. For a typical growth run about 10 grams of mercuric iodide is suggested. If 
polyethylene is used as the polymeric additive, this can be cut into small squares and 
dropped onto the mercuric iodide powder. The polyethylene does not require to go 
through any special cleaning processes if it appears to be clean and free from dust and
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finger-prints.
The growth tube can then be attached to the vacuum pumping system and evacuated to a 
pressure of at least 10'3 ton-. A refrigerated baffle and liquid nitrogen cold trap, situated 
between the diffusion pump and the growth tube, reduce the possibility of any oil vapours 
migrating into the growth zone. When the desired vacuum pressure has been obtained, the 
source temperature may be slowly increased at a rate of about 10°C per hour until vapour 
transport begins. A small viewport was incorporated into the system to enable the chain of 
events occurring within the growth tube to be observed. When vapour transport had 
begun, (indicated by the formation of a yellow mist within the tube), the temperature 
profile was being kept constant for several days until it was thought that no further 
evaporation/deposition was occurring. The source temperature was then slowly reduced 
until the tube had returned to room temperature. The growth tube was slowly brought 
back to atmospheric pressure and was released from the vacuum system and removed from 
the furnace.
If fused quartz is used in preference to a borosilicate type glass, platelets are found to 
grow away from the tube surface with some platelets almost growing perpendicularly to 
the quartz interface, [Faile 1980]. The part of the platelet attached to the wall generally 
consists of a relatively small amount of mercuric iodide which allows for easy removal of 
the crystalline platelets. Tapping the tube gently on a bench surface is usually sufficient 
to dislodge the platelets. If the platelets are more stubborn a pair of tweezers may be used 
to carefully remove them from the tube.
5.6.1 Role of Polyethylene and other Polymeric Material
Growth with polyethylene has advantages over more conventional crystal growth methods. 
The starting material does not need to be of particularly high purity. This implies that the 
starting material does not have to undergo repeated sublimation to remove impurities. 
Polyethylene is also easy to handle compared to some other polymers. If styrene is used 
as the polymeric transporting agent for example, the growth capsule must be cooled below 
0°C to reduce excessive loss of styrene vapour during the initial pumping down process. It 
is known, [Burger 1982], that heating polyethylene in a vacuum results in a low rate of 
dissociation into radicals, so the polymer remains in ample supply even after heating the 
source end for several hours at 130-230°C. After a typical growth run much of the
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polyethylene is found consolidated into a thick black mass at the source end. Some also 
vaporises and some may react with the mercuric iodide powder.
Burger et al state that "platelets can be obtained without addition of polyethylene," [Burger 
1982]. This contradicts the work of Squillante et al who claim that "platelet growth is not 
observed without the use of polymeric agents," [Squillante 1983], Results obtained here 
at Surrey University agree with the former observation : platelets have been obtained 
without the use of a polymeric transporting agent, but they have been of veiy small 
dimensions, (typically a few mm2).
When polyethylene is used the stoichiometric ratio of I:Hg in the resulting crystals tends 
towards 2.0, [Burger 1982]. Platelets grown without polyethylene are almost always 
mercury rich even when the starting material is known to be iodine rich. Scanning 
electron microscopy has shown that mercuric iodide crystals grown with polyethylene are 
covered with a thin layer of particles which probably originate from the polyethylene 
because the particles are not observed when polyethylene is not used. Organic impurities 
have been revealed in mercuric iodide by spark source mass spectrography (SSMS) and 
these point to iodine as the possible source of hydrocarbon impurities [Piechotka 1987]. 
Platelets have been grown with other polymer materials. For example, the paracynogen 
polymer, (C-N)n, has been used. The crystals produced when using this polymer have 
been reported as being very small and of little use in radiation detection work, [Faile 
1980]. During the course of research work at Surrey University, several different polymers 
were used in the growth runs to establish which materials gave the best platelets in terms 
of size and quality. The effect of varying the amount of polymer in the starting material 
was also investigated. Tests were conducted with between 0 and 10% by weight of 
polyethylene added as transporting agent to see what effect this had on quality and 
quantity of platelets formed. The best platelets were then used in future radiation 
detection experiments.
Figure 5.13 illustrates some of the platelets produced at Surrey University. (Some of the 
largest platelets grown at Surrey, measuring up to 1cm2, are illustrated later in figures 
5.15a-b which illustrate the phase change that takes place when mercuric iodide cools).
112
Polymer Comments
Polyethylene Platelets produced - size and quantity 
depend upon ratio of polymer to mercuric 
iodide.
Polystyrene Small platelets produced.
Polyvinyl Chloride No platelets produced.
Polyvinyl Acetate No platelets produced.
Polymethyl Methacrylate No platelets produced.
Table 5.1 Effect of Polymer Material on Platelet Growth
% Polyethylene (by weight) Comments
0 Few platelets produced - few mm2
1 Few platelets produced - few mm2
2 Few platelets produced - few mm2
5 Many platelets produced - few mm2
10 Many platelets produced - surface area of
crystals up to 1cm2
Table 5.2 Effect of Polyethylene on Size and Number of Platelets Produced
This section has illustrated that simple carbon-hydrogen chains seem to give better ciystal 
platelets than chains containing Cl and COOCH3 groups. This result may be due to better 
transport from the degradation products of C-H chains. Also, chains containing Cl and 
COOCH3 groups produce hydrochloric acid and acetic acid respectively when heated.
These acids may be detrimental to the formation of mercuric iodide platelets although no 
literature has been found confirming this.
Small tetragonal crystals of mercuric iodide were also produced in several of the growth 
runs. These were of very small dimensions (typically a few mm3). It is interesting to note
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Figure 5.13 Illustration of Mercuric Iodide Crystals Grown at Surrey University
1 1 4
that the number of tetragonal crystals produced decreased with increasing hydrocarbon 
content. This tends to indicate that addition of certain polymers to the source material 
favours platelet growth.
With increasing weight percentage of polyethylene in the source material the platelets also 
became more regular in shape - i.e. the platelets were almost square compared to the 
elongated rectangular platelets produced with lower polyethylene content in the source 
material.
5.6.2 Phase Transition from (3 to a-Mercuric Iodide
Mercuric iodide has been reported to exist in a number of phases. The stable phase at 
room temperature is the red tetragonal a-Hgl^, phase. If this is heated to a temperature of 
127°C it transforms into the yellow orthorhombic P-Hgl2 phase which is stable at 
temperatures up to 259°C. Several other phases have been reported including a metastable 
orange phase having either tetragonal or orthorhombic symmetry, and red-orange and 
yellow-orange phases, [Toubektsis 1985].
Two metastable states have also been reported to exist within the a-Hg^  phase: a white 
phase [Kleber 1969], and an orange phase [Schwarzenbach 1969]. Figure 5.14 shows the 
various phases of mercuric iodide reported to date.
The phase transition from the yellow P-HgL, phase to the red a-HgL, phase has been 
observed during the course of these experiments. Mercuric iodide powder was heated in a 
quartz tube. Yellow platelets were observed at the sink end of the tube possibly due to a 
higher than usual temperature at this point. The tube was removed from the furnace after 
allowing sizable platelets to form and photographs were taken of the resulting phase 
change. Figures 5.15a-b show the transformation occurring. The phase change was found 
to occur over a period of a few minutes as the samples cooled.
5.6.3 Growth of Large Hal, Single Crystals
Apart from platelet growth, experiments were also conducted in an effort to produce large 
single crystals of mercuric iodide. With the source material at the closed end of the tube, 
the furnace was heated up in such a way that the closed end of the tube was always the 
coolest end. This ensured that a lot of the mercuric iodide powder did not vaporise and
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Figure 5.14 Phases of Mercuric Iodide Observed IPiechotka 19871
pass down the tube. The mercuric iodide will try to get to the coolest temperature/lowest 
pressure region in the tube, and using the temperature profile shown in figure 5.16, the 
mercuric iodide will travel towards the closed end of the tube. This ensures that a large 
quantity of mercuric iodide is present in the same place at the same time.
The powder, (i.e. without the addition of polythene), was heated until it turned to a molten 
phase at temperature Ts. The tube was heated up at a slow rate, (less than 10°C per hour), 
to allow the phase changes to be carefully controlled. Following the change to the molten 
state, the tube was slowly cooled at a similar rate to temperature Tc and was then removed 
from the furnace once it had reached room temperature. This method is similar to the 
Temperature Oscillation Method (TOM) described by Schieber et al, [Schieber 1976], In 
this case though, the mercuric iodide is not actually transported in the growth tube: the 
source and sink are at the same location.
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Figures 5.15 a-b Phase Transition from 13- to a -H g I2
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Unless it is cleaved, the large crystal shown in figure 5.17 is of little use for radiation 
detection purposes: the low hole mobility of mercuric iodide will restrict the performance 
of any spectroscopic device fabricated from the crystal.
HgL Crystal at Surrey University
The results of chapter 4 indicate that as the size of the crystal is increased charge 
collection efficiency decreases dramatically. The crystal may be cleaved to produced 
thinner slices from which useful detectors may be produced. However, the crystal was 
preserved in its entirety and further development of platelets produced by the polymer 
assisted growth method was pursued. Other crystals grown in this project have been 
included in the photograph for comparison. The large crystal measured approximately 
15mm diameter by 20mm in length.
5.7 Fabrication of Detectors
It is much easier to fabricate useful radiation detectors from mercuric iodide crystals 
grown via polymer controlled growth than from any other method, [Barton 1983], 
Crystals grown by other methods must be cleaved in order to obtain slices of the desired 
shape, thickness and volume. Cleaving is mechanically stressful and may introduce 
structural defects into the device and lead to a degradation of the detector's performance. 
Since mercuric iodide platelets grown by polymer assisted vapour transport are already in 
platelet fonn they do not need to be cleaved. Hence, fabrication is much simpler and 
mechanical damage is reduced.
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Before depositing electrical contacts onto the crystal platelets, they should be etched in 5% 
aqueous potassium iodide solution for about one minute, [Barton 1983], This etching 
removes a small fraction of the surface which may be contaminated with atmospheric 
constituents and/or carbon deposits originating from the polymer or oil from the vacuum 
pumps.
After etching the platelets are quickly removed from the etch bath and are washed with 
acetone before the boil-off vapour from liquid nitrogen is passed over the material to 
remove any moisture.
Electrical contacts are usually produced from a carbon-based solution. Most published 
papers reporting work on the growth and fabrication of mercuric iodide radiation detectors 
state that 'Aquadag' should be used. This material is a suspension of colloidal carbon in 
water. Water is known to attack mercuric iodide crystals, getting between the layers of 
the material and possibly resulting in break up of the material shortly after application of 
the 'Aquadag'. Indeed, the 'Aquadag' contacts applied to crystals grown at Surrey 
University as part of this research project peeled away shortly after application. Some of
119
the surface material also came away with the 'Aquadag'. This is a result of attack from 
water and also due to the fact that 'Aquadag' has no real adhesive properties of its own, 
[Stocker 1989]. Silver conducting paste was also tried as a possible contact material with 
disastrous results. The problem of evaporating or painting metals onto mercuric iodide is 
its reactivity with them, [Piechotka 1987]. Even noble metals such as gold and silver will 
react, releasing free mercury which amalgamates with any remaining gold or silver. 
Palladium and germanium have been found to produce stable contacts with mercuric iodide 
[Dabrowski 1981]. In the paper by Dabrowski, detectors with evaporated Pd contacts 
were shown to give more tailing on the low-energy side of the full-energy peaks than 
detectors with carbon contacts.
Evaporating metals onto mercuric iodide is also affected by the high vapour pressure of 
the crystalline material. Trial experiments were performed at Surrey University in an 
attempt to evaporate palladium onto the ciystal platelets. In an effort to reduce wastage 
of the palladium to the sides of the evaporation machine the platelet had to be mounted 
fairly close to the heated filament of the device. This resulted in thermal degradation of 
the mercuric iodide sample. Also, the evaporation machine was evacuated by vacuum 
pumps which could have introduced oil vapours to the deposition system.
Contact application problems were eventually solved when Electrodag 580 was suggested 
(Hopper 1990). This has similar electrical properties to 'Aquadag' but is methanol based 
and has not been reported as being harmful to the structure of mercuric iodide. Electrodag 
580 produces ohmic non-injecting contacts and can be used at electric field values up to 
103V/cm. The material can be applied using a fine paintbrush, and dries fully within a few 
hours. Thin palladium wires may be embedded into the electrodag as it dries in order to 
provide leads for the bias supply.
The devices may be mounted on ceramic substrates for easy handling. The devices 
should also be stored with silica gel in a desiccator in an effort to eliminate the possibility 
of water vapour attacking the crystals. For longer term protection, the devices may be 
coated with a protective solution.
5.8 Discussion
This chapter has shown how a vacuum system may be developed for use in ciystal growth.
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With suitable components, a vacuum pressure of the order of 10'5 to 10'6 ton* may be 
achieved and the whole system may be controlled to minimise risk (from fire, flooding and 
toxicological hazards), to the surrounding workplace.
The two-zone furnace, supplied by the Vinten Group, was found to be stable over periods 
of several days and was capable of producing temperature profiles suitable for the growth 
of mercuric iodide.
The growth of mercuric iodide was found to depend upon the type and amount of polymer 
in the initial source material. Experiments have shown that the polyethylene and 
polystyrene are both capable of producing mercuric iodide platelets. This confirms the 
earlier work of Faile [Faile 1980], Increasing the amount of polyethylene in the starting 
mix tended to increase the size of the platelets. Addition of polythene also reduced the 
number of tetragonal crystals produced.
Problems were encountered when trying to apply electrical contacts to the crystals. A lot 
of time was spent pursuing the use of 'Aquadag' as recommended by many of the 
American research workers [Burger 1982 and Squillante 1983, for example]. This material 
had the adverse effect of actually destroying the top layers of the platelets. Once the 
'Aquadag' had dried, the contacts soon became detached from the crystal taking a slice of 
mercuric iodide with them ! This wasn't found to be due to weaknesses in the top layers 
of the platelets, as subsequent application of further 'Aquadag' to the damaged platelets 
resulted in further material being detached from the bulk. Following discussions with staff 
at several chemical supply companies in the UK, Electrodag 580 was recommended. This 
indeed provided more stable contacts for the devices and allowed further research in the 
use of the mercuric iodide to continue at Surrey University.
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CHAPTER 6 EVALUATION OF MATERIAL FOR RADIATION DETECTION
6.1 Introduction
A comparison has been made of the measured performance of various materials for use as 
radiation detectors. Detectors were obtained from various sources as indicated in table 6.1.
Material Supplier Dimensions Operating
(mm2xmm) Temperature (K)
HgL a 120,0.5 290
bl 19.6,0.3 290
b2 50.3,0.9 290
cl 15.0,0.1 290
c2 30.0,0.2 290
CdTe dl 4.0,1.0 290
d2 25.0,1.0 290
Si e 100,0.20 290
Nal(Tl) f 38.1,25.4 290
Ge(Li) g 53.5,43.0 77
Table 6.1 Materials Evaluated for use as Radiation Detectors
Note: first dimension of materials f and g refers to diameter of crystal, second dimension 
refers to depth of crystal.
Suppliers: f
a: John Caunt Scientific Ltd., Eynsham, Oxon, UK. 
b: EG&G Instruments, Santa Barbara, USA. 
c: Material grown at Surrey University, 
d: Delariese Electronics Ltd., Reading, Berkshire, UK. 
e: Hammamatsu Photonics UK, Enfield, Middlesex, UK. 
f: EG&G Instruments Ltd., Wokingham, UK. 
g: Canberra Instruments Ltd., Farringdon, Oxon, UK.
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The suitability of any material for use as a radiation detector may be evaluated in many 
ways. An investigation of a number of properties of the material may be carried out. For 
the materials listed in table 6.1, the following studies have been performed where possible:
i) voltage-current characteristics of the material,
ii) calculation of the apparent resistivity of the devices,
iii) capacitance-voltage characteristics,
iv) detection efficiency measurements,
v) energy resolution measurements,
vi) a comparison of full-energy peak location with the W-value of the 
materials,
vii) a study of the variation of count rate over the detector surface,
viii) response of detectors as a function of exposure rate, 
and, ix) measurement of px products,
6.2 Experimental Procedures
6.2.1 Voltage-Current Characteristics
Using the apparatus illustrated in figure 6.1, the leakage current from several of the 
available materials was measured as a function of applied bias. The results are shown in 
figures 6.2a to 6.2d.
Two circuits are illustrated for the measurement of the voltage-current characteristics. 
The first circuit, figure 6.1i), should be used when the leakage current from the device is 
low and the detector bias is relatively high. This would be used for the measurement of 
the VI characteristics of a silicon photodiode under conditions of reverse bias where the 
leakage current will remain low (typically nanoamps) for bias values up to about 100 
Volts. This could also be used for measurement of the VI characteristics of the cadmium 
telluride and mercuric iodide devices where leakage current should remain low for bias 
values up to several hundred volts.
The circuit illustrated in figure 6.Iii), should be used when the leakage current is relatively 
high, and where detector bias values are relatively low, i.e. as in the case of a silicon 
photodiode under conditions of forward bias.
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Key
R = load resistance 
HVS = stabilised high voltage supply 
DVM = high impedance digital voltmeter 
PA = Keighley 485 Autoranging Picoammeter 
DEV = detector device under test
All radiation detectors show a finite conductivity and will therefore produce a steady-state 
leakage current without exposure to radiation. This is referred to as dark current. Random 
fluctuations in the dark current may tend to obscure the small signal current observed 
when the detector is exposed to a radiation source. The fluctuating leakage current can 
represent a significant source of noise in many situations and should be kept below 10'9A 
to avoid any serious degradation in energy resolution. Therefore, the devices tested here 
should exhibit leakage currents less than this value up to their normal operating bias 
settings.
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6.2.2 Resistivity
The resistivity of the devices may be calculated from figures 6.2a to 6.2d. Using the 
linear region of each graph, the resistance R may be found. The resistivity p can then be 
evaluated from:
P =
where A = contact area (cm2)
I = detector thickness (cm)
R A  [Eq.6.1]
Material Reference (see page 122.) Resistivity (ohm.cm)
Hgl, a 4.0x1012
bl 5.5xl014
b2 not measured
cl l.lxlO12
c2 8.6xl0n (a)
CdTe dl 0.4x1010
d2 2.1xl010
Si e 3.2xl016 (b)
Ge(Li) g 7.8xl014 (0)
Table 6.2 Calculated Resistivity Values of Materials
Notes: a) over the range -60Volts to +60Volts
b) under conditions of reverse bias
c) manufacturers' data
As can be seen from figure 6.2a, the small mercuric iodide crystal obtained from EG&G 
exhibited linear V-I characteristics over an applied bias range from -400V to +400V. Over 
this range, the leakage current reached a maximum of 56pA indicating that electronic noise 
for this particular device would be low which should allow spectra of low-energy photons 
to be obtained.
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From figure 6.2b, one of the crystals grown at Surrey showed a linear VI characteristic 
with a maximum leakage current of a few nA at 300V. The VI curve obtained with 
another mercuric iodide crystal grown at Surrey showed a rapid increase in leakage current 
with applied bias. This could be due to edge effects where the current finds a 'short-cut' 
around the crystal between the electrodes. It could also be due to defects within the 
crystal. If defects are present which penetrate through to the bulk of the crystal, the 
Electrodag may penetrate into these defects and make the apparent distance between 
electrodes much smaller than the actual thickness of the crystal.
The cadmium telluride devices also showed VI characteristics where the leakage current 
increased rapidly as a function of applied bias. The suggested operating bias for these 
crystals is 50Volts. At this bias, leakage currents of 0.9nA and 45.9nA for crystals dl 
and d2 respectively, were obtained. These leakage currents are higher than those of the 
mercuric iodide samples indicating that electronic noise levels will be higher. Thus, it 
may prove difficult to obtain spectra of low-energy X-rays with these devices.
Figure 6.2d illustrates the typical p-i-n VI curve obtained with the Hammamatsu silicon 
photodiode. Under conditions of forward bias, the leakage current from the silicon 
photodiode increased rapidly to a few microamps at a fraction of a volt. Under conditions 
of reverse bias, the leakage current remained in the nanoamp range at bias values down to 
-lOOVolts.
Detectors with high resistivity values produce lower leakage currents so would be expected 
to produce better energy spectra at a given photon energy. Also, detectors having high 
resistivity may be able to produce spectra at lower photon energies as leakage currents will 
be lower. The silicon photodiode has the largest resistivity value of the room-temperature 
operated semi-conductor detectors tested here. The resistivity of this device is about a 
factor of 100 greater than sample bl (mercuric iodide from EG&G).
The resistivity of mercuric iodide from EG&G, (sample bl), was found to be about a 
factor of 500 greater than mercuric iodide samples grown at Surrey University. This may 
be a result of impurity levels being higher in the material grown at Surrey University.
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6.2.3 Capacitance-Voltage Measurements
A Keighley 590/1 OOk/lM semi-conductor analyser was used to measure the 
capacitance-voltage characteristics of several devices. This analyser could measure the 
capacitance whilst stepping its own in-built power supply over a range from 0 Volts to -20 
Volts. The voltage step increment could be programmed by the user. The output was 
displayed on the Keighley, or alternatively could be plotted on a Hewlett-Packard 
flat-bed plotter connected directly via an IEEE interface. An external power supply could 
also be connected to the analyser giving a voltage range from 0 Volts to -200 Volts. As 
before, the output could be displayed on the Keighley analyser or output in graphical form. 
The cadmium telluride and mercuric iodide devices did not show any change in 
capacitance over -200 Volts. The silicon photodiode however gave the 
capacitance-voltage curve illustrated in figure 6.3.
The capacitance, C, of a p-i-n device depends upon the width of the depletion region, d.
As the detector bias is increased, the width of the depletion region also increases. 
Therefore, since the capacitance of a device is proportional to the cross-sectional area of 
the material and inversely proportional to the thickness of the depletion region, the 
capacitance of a p-i-n device decreases as bias is increased. The capacitance will 
continue to decrease until the detector becomes fully depleted.
The large bandgap value of mercuric iodide, and resulting low leakage current, enable 
detectors fabricated from this material to be operated as simple conduction counters in 
which the creation of a depletion region is not necessary. These detectors may be operated 
with either positive or negative polarity of the bias applied to either surface contact [Knoll 
1989e]. Cadmium telluride detectors can also be operated as conduction counters, but 
have also been doped to produce low resistivity n-type detectors [Dabrowski 1977].
The capacitance of each device was measured using the Keighley analyser. The er value 
of each device was then calculated from the equation :
[Eq.6.2]
where,
A contact area of detector ( m2)
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s0 = absolute permittivity of free-space
sr = relative permittivity of material
and, d = distance between electrodes on material ( m)
Table 6.3 shows the capacitance and er data obtained from this experiment. Relative 
permittivity values reported in various publications have been included for comparison.
Material Material 
Reference 
(see page 126)
Capacitance
(pF)
sr (from this 
experiment)
sr (from 
literature)
a 5.51 25.9
bl 4.03 7.0
HgL b2 3.95 8.0 8.8(b), 8.3(0)
cl Q.tvo 6.3
c2 8.51 6.4
CdTe dl 0.63 17.8 10(d)
d2 1.98 8.9
Si e see figure 6.3 18.0 12(e)
Ge(Li) g (a)
Table 6.3 Capacitance of Several Detector Devices
Notes : (a) 33pF @ 100V and 18pF @  3000V
(b) [Swierkowski 1974]
(c) [Ponpon 1975]
(d) [Cuzin 1987]
(e) [Knoll 1989f]
As can be seen from table 6.3, the mercuric iodide sample supplied by John Caunt (sample 
a), and the small cadmium telluride detector (sample dl), showed the greatest deviation 
from published sr data. This may be a result of crystal damage or impurities. The 
addition of impurities into the crystal lattice of CdTe or HgL could reduce the distance 
over which charge is collected, hence reducing the value of d in equation 6.2. Reducing
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the value of d would increase the capacitance as has been observed for samples a and dl. 
Good energy resolution depends on achieving a small detector capacitance [Knoll 1989g], 
From this point of view, mercuric iodide samples bl and b2 would be expected to produce 
better energy spectra than samples C1 and c2.
Uncertainties in the calculated values of sr arise from measurement of the surface area and 
thickness of each device. For the silicon photodiode, it was assumed that the depletion 
region extended across the entire width of the device. If the detector was not fully 
depleted the value for sr would be lower as can be seen from equation 6.2. The cadmium 
telluride devices were enclosed in a sealed container so the manufacturers data for area 
and thickness was assumed to be accurate. The dimensions of the mercuric iodide devices 
were measured using a travelling microscope. Because of the methods of fabricating 
mercuric iodide detectors, the thickness of a given crystal may not constant over the entire 
crystal. Errors may also arise if the contact material penetrates into the bulk of the 
devices.
6.2.4 Detection Efficiency
One way of defining the efficiency of a particular radiation detection system is to express 
the number of counts in the full-energy peak as a percentage of the number of photons of 
a particular energy falling on the crystal. This intrinsic full-energy peak efficiency, sip , is 
calculated using:
_ N 4% 100 % [£<1.6.3]
,p S a Yield
where N = number of events recorded in the full-energy peak,
S ~ total number of source disintegrations during the period of the 
measurement,
Q = solid angle subtended by the detector at the source,
Yield = number of photons of a given energy emitted per disintegration.
Using the apparatus illustrated in figure 6.4 a study was made of the effect of detector bias 
upon the number of counts recorded in the full-energy peaks. For a range of detector bias 
values, the number of counts in a set of full-energy peaks was measured for the CdTe 
devices, the silicon photodiode and a few of the mercuric iodide samples. Various X- and 
y-ray sources were used: 37Co, 133Ba, 137Csf 241 Am,
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The variation of intrinsic full-energy peak efficiency with photon energy was also 
investigated for each material. The results are illustrated in figures 6.5 and 6.6
SOURCE
Figure 6.4 Arrangement of Radiation Spectrometry System
Photon 
Energy (keV)
Full-Energy Intrinsic Peak Efficiency (%)
Si
(sample e)
CdTe 
(sample d2)
Hgl2
(sample bl)
Ge(Li) 
(sample g)
Nal(Tl) 
(sample f)
59.5 0.40 52.6 71.0
122 0.01 2.5 3.3
356 0.001 6.7 0.24
511 11.9 15.8
662 0.3 10.9 13.8
1173 6.0 6.0
1275 5.3 5.5
1332 6.6 3.2
Table 6.4 Intrinsic Full-Energy Peak Efficiency Data
From table 6.4 it can be seen that the cadmium telluride and mercuric iodide devices have 
intrinsic peak efficiencies about a factor of a hundred greater than the silicon photodiode at 
a given photon energy. This results from increased crystal thicknesses, density and
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interaction cross-sections of these materials. As discussed in the first chapter of this thesis, 
the photoelectric cross-section is found to be proportional to Z(4 *°3). The ratio of 
Z(Cd)4/Z(Si)4 is 190. Mercury in mercuric iodide has an even higher photoelectric cross- 
section but the smaller thickness of this crystal reduces its detection efficiency below that 
of CdTe at higher photon energies.
No spectral information could be obtained with the mercuric iodide devices grown at 
Surrey University. Pulses due to photon interactions within the mercuric iodide crystals 
were observed when the output from the charge sensitive preamplifier/amplifier 
combination was displayed on an oscilloscope. The maximum height of these pulses was 
found to depend upon photon energy. Unfortunately, when the output from the amplifier 
was fed into a multi-channel analyser a continuum with no full-energy peaks was obtained. 
This could be the result of poor crystal purity or poor contact technique.
6.2.5 Energy Resolution
The energy resolution of a particular detection system gives an indication of its ability to 
separate two peaks fairly close together in terms of energy. The percentage energy 
resolution R is given by:
r  = M .  x  100 % [Eq.6.4]
E
where
8E — full-width at half peak height (channels or keV), 
and, E — location of the peak centroid (channels or keV).
As with the efficiency measurements, the energy resolution of several of the detector 
materials was investigated as a function of detector bias. The results are displayed in
figures 6.7a-c and 6.8 and are summarised in table 6.5.
X- and y-ray spectra obtained with the silicon photodiode and mercuric iodide samples 
showed similar energy resolution over the range of photon energies studied. As a result of 
the higher leakage current, the cadmium telluride devices were unable to distinguish
photons of energy less than 22keV from electronic noise.
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The Ge(Li) detector showed energy resolution figures typical of such devices. The 
combination of cooling with liquid nitrogen, and the excellent transport properties of the 
material ensures energy resolution of a few percent or less.
Photon 
Energy 
1 (keV)
Energy Resolution (%)
Si
(sample e)
CdTe 
(sample d2)
Hgl, 
(sample bl)
Ge(Li) 
(sample g)
Nal(Tl) 
(sample f)
13.4 44.3 48.3
17.5 32.4 33.3
22.2 26.5 48.8 24.3
32.3 15.8 42.5 16.8
44.5 10.3 34.7 13.1
59.5 6.98 11.1 6.70
122 3.90 6.83 2,62
356 1.80 5.22 1.29 22.90
511 1.56 15.20
662 5.08 1.22 12.96
1173 0.87 16.10
1275 0.47 12.10
1332 0.51 10.60
Table 6.5 Enemy Resolution Versus Energy Data
6.2.6 Comparison of Full-Energy Peak Location with W-value of the Material 
The W-value of a particular material represents the average amount of energy required to 
create one electron-hole pair. The greater the W-value, the smaller the average number N 
of electron-hole pairs produced, and hence the smaller the output signal pulse for a given 
amount of energy E  input to the detector. The mean number of electron-hole pairs 
created, N, is related to the energy deposited within the ciystal, E, and the W-value by the 
relationship:
N  = —  [Eq.6.5]
W
JUe ; lUtUfes. sWwv UvWJiQl- bi? VW tfafioV&vo*.
l/V\jCk.U va_ Avcwy\ U\
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Since the number of electron-hole pairs produced deteraiines the magnitude of the pulse 
height, materials with low W-values should produce spectra where the full-energy peaks 
are further up the pulse height scale than full-energy peaks from materials having high 
W-values. Thus, studying peak location as a function of energy and material should give 
an indication of the relative size of the W-values for the materials investigated.
For the cadmium telluride, mercuric iodide and silicon photodiode materials, an experiment 
was performed to determine whether or not the location of the full-energy peak from a 
given source was found to be inversely proportional to the W-value of the material. For 
example, each of the materials was irradiated by an 241 Am source. With the amplifier 
settings unchanged and using the same charge sensitive preamplifier, the location of the 
59.6keV full-energy peak was noted for each material. The location of other full-energy 
peaks from other radiation sources were also noted. The results are displayed in table 6,6.
Figure 6.9 illustrates how the full-energy peak location varied with photon energy for each 
of the detectors.
Material Full-Energy Peak Location 
(Channels)
W-value 
(eV/e-h pair) 
[Cuzin 1987]@60keV @122keV @356keV
HgL (sample bl) 42 200 783 4.20
CdTe (sample d2) 72 267 921 4.43
Si (sample e) 113 357 1260 3.61
Table 6.6 Full-Enemy Peak Location as a Function of Material and Energy
The location of a specific full-energy peak for each of the materials should be inversely 
proportional to the W-value of the materials. Thus, silicon with its lower W-value should 
produce more charge carriers from the interaction of a 60keV photon than mercuric iodide, 
which in turn should produce more charge carriers than cadmium telluride. As can be 
seen from table 6.6, full-energy peaks observed from spectra obtained with silicon do 
appeal' further up the pulse height scale. Mercuric iodide however, produces full-energy 
peaks at lower channel numbers than cadmium telluride. This may be a result of
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poor charge collection or the way in which the charge sensitive preamplifier deals with 
pulses from the different devices.
The bandgap energy, E g, of a semi-conductor has been found to be related to the average 
energy required to create an electron hole pair, (the W-value), by Klein's formula [Klein 
1968]:
W = 2.67*Eg + 0.87 (eV) [Eq.6.6]
The W-value is found to be much greater than the bandgap energy. The excess energy is 
spent on purposes other than ionisation, predominantly going into lattice vibrations. In 
reaching the result of equation 6.6, Klein assumed that W was related to E g and some 
function <WL> which represents energy losses due to the lattice. <WL> was separated 
further into two functions <ER> and <EK> which account for phonon losses and lattice 
vibration losses respectively.
Thus,
W = Eg + <ER> + <EK>  [Eq.6.7]
<Er> is set equal to r(fyoor) where r is the number of phonons per electron-hole pair 
generated, and 1gcor is the energy of the highest frequency Raman quanta. Klein also 
found that <EK> was equivalent in magnitude to (9/5)Eg giving the equation:
W = (14/5)^ + r(f) o)r) [Eq.6.8]
This equation led to the formulation of equation 6.6 which is now frequently used when 
bandgap and W-value data is assessed. An earlier fonnula relating W to E g was derived 
by Czaja, (Czaja 1961). In this derivation, the factor r(fycor) was put equal to r'(k0) where 
k is the Boltzmann constant and 0 is the Debye temperature. Czaja put r' equal to 22 in 
order to fit the results known at the time for germanium. Czaja's fonnula is:
W = 2.96^ + 0.38 (eV) [Eq.6.9]
However, when studying the properties of semi-conductor materials capable of operating as 
room temperature radiation detectors, it became obvious that equations 6.6 and 6.9 were 
not the lines of best fit for the sub-set of bandgap energy:W-value data used. Klein's
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derivation included some simplifications of the relevant theory and as a result deviations 
can be expected from equation 6.6 when small sub-sets of data are analysed. Linear 
regression analysis has been applied to materials commonly considered as suitable for the 
puipose of room-temperature radiation detection. The bandgap energies of such materials 
range from 1.12eV (Si) to 2.60eV (Pbl2). The following equation has been produced:
W = 2.862L + 0,32 (eV) [Eq.6.10]s
Table 6.7 compares the bandgap energy with W-values obtained from experiment, (Knoll 
1989h, Cuzin 1987), and from equations 6.6, 6.9 and 6.10. Figure 6.10 illustrates the lines 
relating to these three equations, (shown by a dot-dash line, a dashed line, and a solid line 
respectively). The experimental results are also shown by circles.
Material W-value 
(eV / e-h pair) 
[Cuzin 1987]
Bandgap Energy (eV) j
Experiment 
pCnoll 1989h]
Czaja
[Eq.6.9]
Klein
[Eq.6.6]
Jarvis
[Eq.6.10]
Si 3.61 1.12 1.09 1.03 1.15
GaAs 4.20 1.42 1.29 1.25 1.36
HgL 4.20 2.13 1.29 1.25 1.36
CdTe 4.43 1.47 1.37 1.33 1.44
AlSb 5.05 1.62 1.58 1.57 1.65
GaSe 6.30 2.03 2.00 2.03 2.09
PbL 7.68 2.60 2.47 2.55 2.57
Table 6.7 Comparison of Various Methods for Calculating the Bandgap Energy or W-value
of Radiation Detectors
The results indicate that equation 6.10 is a better fit to the sub-set of data studied here.
O f the seven materials listed in table 6.6, equation 6.10 gives the best correlation to the 
experimentally determined values of E  . In fact, equation 6.10 gives a value of E g closer 
to the experimental data for six of the seven materials. Therefore, this equation would 
be a good alternative to Klein's fonnula in any work with radiation detector materials at 
room temperature where calculation of E g is required.
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)6.2.7 A  Study of Count Rate as a Function of Irradiation Position on the Detector Surface 
A  well-collimated beam from an 241Am source was scanned across the surface of some of 
the detector materials in order to investigate if any regions of the materials had a better 
response to radiation than others. Care was taken to ensure that the source was as close to 
the detector surface as possible in each case. This prevented the beam from becoming too 
broad by the time it reached the detector surface. The aim of this experiment was to 
determine whether or not the response of the detectors varied over their surfaces so the 
beam needed to be as narrow as possible. The source used was collimated to an extent 
where the beam had a diameter of 1mm by the time it left the collimator/source holder. 
Typical surface scans are illustrated in figures 6.11a-d.
The surface scan over the silicon photodiode shows a very uniform distribution of count 
rate as a function of irradiation location. This shows the excellent charge transport 
characteristics of the material with charge being efficiently collected from all regions of 
the device and also illustrates the uniform nature of the crystal growth. The silicon 
photodiodes are grown by epitaxy, layer by layer, with great control over thickness of each 
layer.
Mercuric iodide and cadmium telluride on the other hand are grown from the melt, or from 
vapour transport techniques. The method of growth and detector fabrication for mercuric 
iodide and cadmium telluride does not lend itself to the production of crystals as uniform 
in thickness as silicon. Variations in the crystal thickness will result in higher probability 
of the incident photons interacting within the crystal. This, together with the poor 
transport properties for CdTe and HgL results in variable detection efficiency depending 
upon location of the incident beam on the crystal surface.
6.2.8 Response of Detectors as a Function of Radiation Exposure
Because of their importance in the field of radiation protection and also in the safe 
handling of radioactive materials, the concepts of radiation exposure and dose play an 
important role in radiation measurements, y-ray exposure is a quantity roughly analogous 
to electric field strength from a point source. The exposure is defined in terms of the 
effect of a given flux of photons on a test volume of air and is a function only of the 
source energy and intensity, the source-detector geometry and any attenuation between the 
source and detector.
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Figures 6.11 a-d Surface Scans of Detector Materials Illustrating How Count Rate Varies
With Position
149
d) Mercuric Iodide
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The exposure rate, (X), at a known distance from the radiation source can be evaluated 
from:
where r  = exposure rate constant for the particular isotope used,
A — source activity, 
d = source-detector separation.
For source activity expressed in mCi, and d expressed in cm, the exposure rate has units of 
Roentgens/hour when the exposure rate constant, r, is expressed in (R.cm2/mCi/hr).
For equation 6.11 to remain valid the following conditions must hold:
i) the source must be sufficiently small so that spherical geometry holds,
ii) no attenuation of the X - or y-rays occurs between the source and 
detector,
iii) only photons passing directly into the detector from the source contribute 
to the exposure.
The response of several detector materials to a range of exposure rates was investigated 
using standard sources. Over a range of source-detector separations, the number of counts 
within the full-energy peak and also within the whole spectra were noted. Plots of count 
rate versus l/(Source-Detector separation)2 are given in figures 6.12a-c for cadmium 
telluride, silicon and mercuric iodide samples.
From figures 6.12a-c it can be seen that over the range of source-detector separations used, 
count rates measured with each of the devices tended to obey the 1/d2 law. Deviations 
from linearity are observed at small source-detector separations. This is due to the fact 
that the point source approximation starts to break down.
6.2.9 Measurement of ux Product
The charge transport properties of a solid-state radiation detector are of paramount 
importance when it comes to spectrometric performance. The mobility-lifetime 
products for electrons and holes are given by:
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K  55 iWhE [Eq.6.13]
where and \ represent the free drift lengths of the electrons and holes respectively, and 
E is the magnitude of the electric field across the device, ft represents the mobility of the 
charge carrier and has units of cm2/Vs. r represents the mean trapping time for the charge 
carriers and is measured in seconds. This represents the mean time between trapping 
events. For radiation detectors it is therefore essential to have as large a trapping time as 
possible, thus ensuring greater charge collection efficiency.
For good spectrometric performance, the free drift lengths need to be much greater than 
the dimensions of the radiation detector. In order that the free drift lengths are large the 
material needs to have good charge transport properties. The electron and hole mobilities 
must be large and the trapping time must also be high, thus reducing the chance of 
electron-hole recombination. The j i t  product is so important that different solid-state 
radiation detector materials are compared on the basis of their j i t  products. For a given 
material, its quality is often measured by the current values of j i t  of the particular device.
One method of measuring the mobility-lifetime product is based on the Hecht relation 
given in equation 6.14, [Hecht 1932]:
Qa = initial charge generated (C) 
ju = mobility of charge carriers (cm2/V.s) 
v = trapping time of charge carriers (s)
E ~ electric field across detector (V/cm) 
L = detector thickness (cm)
Measuring the +t product by means of the Hecht relation is experimentally simple and
[Eq.6.14]
where Q — charge collected at electrodes (C)
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convenient - it only requires a conventional spectrometric system. Free charge carriers are 
created close to one of the electrodes. This ensures that the output signal is essentially due 
to one type of charge carrier only. As the bias across the detector is increased a point is 
reached where the full-energy peak position no longer increases. This corresponds to 
collection of 100% of the generated charge. If another measurement of full-energy peak 
location is taken for a lower value of applied bias, equation 6.14 can be solved 
numerically for px.
The accuracy of this type of measurement is found to depend upon a number of factors:
i) at low bias values, full-energy peak positions are difficult to determine,
ii) the electric field is often non-uniform.
Using an 241Am source, the location of the 59.6keV full-energy peak was measured as a 
function of applied bias for each material tested. Figures 6.13a-c show how the position 
of the peak centroid varied with applied detector bias for the larger CdTe detector (sample 
d2), the silicon photodiode (sample e), and one of the mercuric iodide samples obtained 
from E G & G  (sample b2). Table 6.S indicates the channel numbers of the peak centroids 
for the materials for two values of applied bias: one at which complete charge collection 
has just begun to occur, and another at a lower value of bias. The position of the peak 
centroids at bias values Vj and V 2 are Q A and Q2 respectively. From these results, the px 
products of each device was calculated by solving equation 6.14 numerically.
In table 6.0 the first column of pexe values corresponds to experimental results calculated 
from the values of Q 1} Q2, Vj and V 2 defined above. The values of pex0 given in brackets 
are typical values obtained from literature.
Material Thickness
(cm)
Qi q 2 Vj v 2 p0x„ (cnT/V)
HgL 0.09 263 320 100 800 2.0E-4(5.0E-4)
CdTe 0.11 194 225 17.0 141 2.3E-3(8.0E-4)
Si 0.02 270 272 1.70 8.9 1.3E-2(2.7E-2)
Table 6. 8 Results of ux Calculations based on Hecht's Relation
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As can be seen from table 6.f, the results from this experiment cure cotv+cwtJ&W b© 
data from literature. The method depends very much on being able to identify the location 
of the full-energy peak at low bias levels. Two readings of full-energy peak location are 
required, one at low bias and another at higher detector bias. It is essential therefore, that 
the counting statistics are excellent in order to enable the peak location to be identified 
accurately.
6.3 Discussion
This chapter has illustrated many of the experiments that may be performed to evaluate the 
performance of radiation detectors. It is important to have a detector with a low leakage 
current in order to reduce thermally generated noise. One method for reducing this current 
has been to cool detectors using liquid nitrogen. But radiation detectors fabricated from 
materials with large bandgaps are also capable of operating with small leakage currents 
(typically nanoamps at up to lOOVolts). The benefit of using a detector with a large 
bandgap is that it can be operated at room temperature thus eliminating the need to use a 
bulky cryostat and the requirement to have a constant supply of liquid nitrogen during 
operation.
The three room-temperature operated semi-conductor materials evaluated here were all able 
to measure spectra of low-energy photons. Cadmium telluride was restricted to energies 
above 22keV as a result of its high leakage current compared to silicon and mercuric 
iodide. The silicon photodiode suffered from very low full-energy peak efficiency 
compared to the mercuric iodide and cadmium telluride devices. This is a combination of 
the thickness of the photodiode and also the low atomic number of silicon.
Typical X - and y-ray spectra obtained with specific detectors are shown on the following 
pages. The low-energy photon spectra illustrated in figures 6.14 were obtained using an 
Amersham International 6-in-l source. This source employs an 241 Am source whose beam 
is directed towards one of six filters. Characteristic X-rays from the irradiated filter pass 
through an exit hole and may be directed towards the detectors. From the spectra 
illustrated in figures 6.14a-g it is clear that the silicon photodiode and mercuric iodide 
devices are capable of producing low-energy photon spectra with similar energy resolution. 
But, mercuric iodide has the advantage of a much higher detection efficiency. The 
cadmium telluride detector (sample d2) was unable to compete in tenns of energy
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Figures 6.14 a-g X-rav Spectra Obtained with Semi-Conductor Detectors at Room Temperature
a) Cu X-rav Spectra
a) Silicon Photodiode 
b) Rb X-rav Spectra
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c) Ag X-rav Spectra
a) Silicon Photodiode
dN
d E x
b) Mercuric Iodide
c) Cadmium Telluride
d) Mo;X-rav Spectra
a) Silicon Photodiode
b) Mercuric Iodide
e) Ba X-rav Spectra
* - E x
c) Cadmium Telluride
f) Tb X-rav Spectra
b) Mercuric Iodide
c) Cadmium Telluride
g) Am X-rav Spectra
a) Silicon Photodiode
Figures 6.15a-b Gamma-rav Spectra Obtained with Cadmium Telluride
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resolution with silicon or mercuric iodide, but did yield similar detection efficiency data to 
the mercuric iodide sample and was able to produce spectra at higher photon energies (up 
to 662keVj. Because of the high leakage current of the cadmium telluride device, full- 
energy peaks were not observed below 22keV.
For room temperature operation it is recommended from this work that mercuric iodide is 
used for direct detection between 13 and 60keV. Silicon may be used over the lower part 
of this energy range and cadmium telluride is recommended for energies between 60keV 
and 662keV. NaI(Tl) or other high-Z scintillators may be used where high detection 
efficiency is paramount. Scintillators suffer from relatively poor energy resolution but 
have high detection efficiencies and are well-suited to the detection of single isotopes such 
as 137Cs or 511keV annihilation photons for example.
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CHAPTER 7 CONCLUSIONS
This research work has shown that X - and y-ray spectra with reasonable energy resolution 
may be obtained with certain semi-conductor detectors operating at room temperature. 
Operation at room-temperature removes the need for a constant supply of liquid nitrogen 
to reduce thermally generated leakage currents, enabling systems to be smaller and much 
more compact and also reduces running costs.
Three such materials were investigated : silicon photodiodes, cadmium telluride and 
mercuric iodide. The silicon photodiode used in this work produced spectra with 
reasonable energy resolution over a range of photon energies from 13.4keV to 356keV, but 
because of its low atomic number and shallow depth (100pm), the detection efficiency 
from this device is very low (0.40% at 59.5keV for example).
Cadmium telluride with its higher atomic number and greater ciystal thickness was able to 
provide spectra with full-energy peaks up to 661.6keV (with energy resolution of 5.08%). 
The detection efficiency of this particular device was typically a factor of 100 greater than 
that of the silicon photodiode. Because of its relatively high leakage current, photons with 
energies less than 22keV could not be resolved with this material.
The mercuric iodide devices, supplied by E G & G  Instruments of Santa Barbara, produced 
spectra with energy resolution comparable to the silicon photodiode. The detection 
efficiency of these particular devices were substantially higher than that of silicon. The 
detection efficiencies obtained with the mercuric iodide samples was comparable to the 
somewhat thicker 3mm x 3mm x 1mm cadmium telluride radiation detector Therefore, of 
the materials investigated here, mercuric iodide appears to have the best combination of 
energy resolution and detection efficiency for X - and y-ray photons.
Crystals of mercuric iodide were produced during the course of this work. A  method for 
platelet growth recommended by Faile et al [Faile 1980] was followed. This method uses 
a polymer in the starting material which tends to favour the production of platelets rather 
than tetragonal ciystals. The growth of mercuric iodide platelets was found to depend 
upon the particular polymer used. Polyethylene and polystyrene were found to produce 
platelets of reasonable size. The percentage by weight of polymer in the starting material
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was also studied. Increasing the amount of polymer was found to increase the size and 
yield of platelets produced. The amount of polymer added becomes restricted by the size 
of the growth tube. In this research work a maximum of 10% by weight of polymer was 
used.
A  computer program has also been developed which enables the performance of a 
mercuric iodide radiation detector to be simulated. The program follows the chain of 
events from the photon passing into the ciystal to the eventual charge collection and signal 
generation. The effect of varying detector thickness, detector bias and polarity of the 
irradiated side of the crystal were investigated. Irradiating the positive electrode of the 
device was found to drastically alter the charge collection efficiency. This is due to the 
very poor hole transport properties of mercuric iodide crystals. For maximum charge 
collection, the electron-hole pairs should be created near to the negative electrode This 
reduces the distance the holes have to travel and hence reduces the possibility of their 
becoming trapped or recombining. However, if reasonable energy resolution is required 
from these devices, photon energies should be restricted to 60keV or less.
SUGGESTIONS FOR FUTURE WORK
This project has opened many avenues for future work. As far as the ciystal growth 
process is concerned, further work should be performed to establish the optimal 
relationship between platelet growth and polymers in the starting mix. Also, other 
methods for growing mercuric iodide may be followed. Chapter 3 of this thesis has 
highlighted several of the methods used by research groups around the world to produce 
crystals of mercuric iodide. Further work on the large crystal grown as part of this work 
is recommended. Cleaving this crystal to produce several thinner devices may be another 
way forward for the production of useful mercuric iodide devices at Surrey University.
The application of electrical contacts should also be studied further. Many materials, such 
as Aquadag and silver paste, were found to have detrimental effects on the mercuric iodide 
crystals. A  large number of promising platelets grown at Surrey University as part of this 
research work had their properties destroyed unwittingly before this problem was identified 
in the final stages of this study.
The computer package described in chapter 4 may also be adapted to enable any semi­
conductor material to be analysed to evaluate its use as a radiation detector even before the
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material is grown or obtained. The spectra obtained from this simulation compared well 
with those produced from real mercuric iodide radiation detectors. This model could be 
used to predict the shape of pulses produced from interactions at different depths through 
the detector. Analysis of the pulse distributions could then be of use in designing 
electronic circuitry to improve spectra.
Mercuric iodide has shown itself to be a useful material for the detection of X - and y-rays. 
Further work should be carried out to evaluate the material for the detection of charged 
particles. Also, using mercuric iodide as a low leakage current photodiode and coupling 
the material to a scintillator will enable spectra to be obtained with photon energies 
exceeding those measured in this work.
Due to its large bandgap, mercuric iodide also has the benefit of being able to operate at 
elevated temperatures. Further work should be performed to evaluate the performance of 
H g L, CdTe and Si at temperatures above room temperature.
In situations where energy resolution is not of the utmost importance, mercuric iodide and 
cadmium telluride could be operated as solid-state counters to replace GM  tubes in 
portable survey meters. GM  tubes suffer from low detection efficiencies. The efficiency 
could be improved upon using CdTe or HgL detectors despite their smaller volumes.
Mercuric iodide and cadmium telluride could also be operated in dc mode for measuring 
intense radiation fields in dosimetry applications (e.g. radiotherapy), and in high flux 
industrial applications (e.g. food irradiation, sterilisation, plastics irradiation).
In pulse counting mode, these devices can be used for work involving low intensity 
sources such as y-ray tomography. The compact size of the detectors would allow large 
multi-element arrays to be built for imaging and analysis. For low-energy photons, 
detectors fabricated from high Z  materials (such as CdTe and Hgl2) can be thin whilst 
retaining high detection efficiency. This would allow the cost per element in an array to 
be acceptably small. Further work may be carried out to determine the usefulness of the 
room-temperature operated semiconductor materials for these purposes.
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